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ABSTRACT
SORPTION BEHAVIOUR OF Ra++, Co++ AND Zn ++ 
IONS ON ALUMINA, KAOLINITE AND MAGNESITE
Zelilia Gdlonenogiu 
M.S. ill Chemistry
Supervisor: Prof. Dr. Hasan N. Erten 
December 1991
The need for ultimate disposal of nuclear wastes has stimulated a renewal of 
interest in the adsorption behaviour of various nuclides on minerals of the type 
found in and around the various types of repositories that have been proposed.
These adsorption studies are needed in order to estimate rates of trans­
port of the nuclides in the event of water penetration into and through the 
repository.
In this work the sorption-desorption behaviour of Ra·*”*·, and Zn'^'^
on minerals from different regions of Turkey has been investigated by means 
of a batch technique. The mineral samples used are mainly alumina, kaolinite 
and magnesite types. and were used as isotopic tracers.
The distribution coefficients for the sorption of the three cations studied on 
different minerals were calculated.
Alumina mineral was used for Co·*"*· and Zn'^'^ sorption experiments
whereas kaolinite and magnesite were used to study the sorption behaviour of 
Cc»·*··*· and Zn++. The samples were seperated into different particle size ranges 
by AndrecLsen Pipette method. The particle size range used throughout the 
experiments was 20-38//m .
iii
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The groundwaters used for different sorbing materials were from Beyşehir, 
Seydişehir and Mihalhçcık. The groundwaters used in the experiments were 
prepared synthetically in the laboratory. In the solutions prepared with ground- 
waters, initied concentrations ranged from 1.04x10“® to 1.04x10"® meq/ml for 
Co·*····, 7.67x10"® to 7.67x10"'* meq/ml for Zn'^'^ and 7.65x10"® to 7.65x10"® 
meq/ml for
The samples were shaken with a shaker at 190 rpm and phase separations 
were carried out by centrifuging. The measurements were performed by a 
Nal(Tl) detector.
Sorption and desorption kinetics were studied during 16 days except for 
the adsorption of C0++ on magnesite which was studied during 24 days, and 
adsorption rates were calculated from first order rate equation. Rapid adsorp­
tion was observed at high concentrations. It was observed that, about 2 days 
of contact was enough for values on kaolinite to reach steady-state
whereas for Co^'^ on magnesite at least 25 days were needed.
Rd values of on alumina mineral were quite high (2857 ml/g). Rd
values for on minerals ranged from 15 (on kaolinite) to 4274 ml/g (on
alumina) depending on the type of minéral and the Rd values of Zn'^'^ on 
minerals ranged from 26 (on magnesite) to 3800 ml/g (on alumina). It was 
observed that, alumina minerals adsorb ions more than kaolinite and magnesite 
type of minerals.
Adsorption-desorption process was found to be reversible for Ba'^'^ and 
Co^'^ sorption on alumina and Co^'^ sorption on kaolinite. However, a paxtially 
reversible mechanism was observed for Zn'^'^ on.alumina and kaolinite and the 
sorption of (70++ and Zn++ ions on magnesite.
Concentration dependent ion sorption isotherms were found to fit to Fre- 
undlich type of isotherms.
The specific sorption concentration or the amount of radionuclide sorbed 
per gram of soil were calculated. It was seen that the sorbed concentration, 
Ca decreases with increasing mass M of the adsorbing solid. The change of the 
system parameter, 7 and specific sorbed concentration, Ca,o with the initial ion 
concentration is given by appropriate equations.
The results obtained from V/M  ratios indicate that in batch experiments the 
influence of the V/M ratio should be taken into account although according to the 
fundamental distribution law, distribution coefficients should be independent of V/M
ratio.
Distribution coeiRcients for adsorption of on binary mixtures of various
minerals have been determined to see whether Rd of mixtures could be predicted 
from those of the pure minerals. It is shown that the system corresponds to a di­
luted experiment and the overall Rd is limited by the high Rd of alumina.
Key words: adsorption, desorption, mineral, adsorption
isotherms, effects of V/M ratios, mineral mixtures.
ÖZET
B:a++, Co ++ VE Zn++ İYONLARININ ALUMİNA, 
KAOLİNİT VE MAGNEZİT TARAFINDAN TUTULMASI.
Zeliha Gökmenoğlu 
Kimya Bölümü Yüksek Lisans 
Tez Yöneticisi: Prof. Dr. Haşan N. Erten 
Aralık 1991
Nükleer artıkların depolanmasındaki gereksinim, önerilen değişik tür depo­
lardaki, değişik tipteki mineraller tarafınca nüklitlerin tutulma davranışlarının 
incelenmesine yönelmiştir. Bu tutulma çalışmaları liüklitlerin, suyun depolara 
penetrasyonu ve depodan geçişi sırasındaki taşınım hızlarını tahmin edebilme 
açısından önemlidir.
Bu çalışmada, ve iyonlarının Türkiye’nin çeşitli bölgelerinden
alınan mineral örnekleri üzerinde tutulma-salıverilme özellikleri baç tekniği ile 
incelendi. Başlıca, alumina, kaolinit ve magnezit mineralleri kullanıldı. Kul­
lanılan izotoplar ise ve dir. Her üç katyonunda miner­
allerde dağılım oranları hesaplandı. Co'^'^ ve Zn'^'^ iyonlarının alu­
mina üzerindeki tutulma davranışları incelenirken, ve Zn'^'^ iyonlarının
kaolinit ve magnezit minerallerince tutulma davranışlarıda incelenmiştir.
Örnekler Andreasen Pipet yöntemi ile farklı tanecik büyüklüklerine ayrıldı. 
Bütün dene}'· boyunca kullanılan tanecik boyut araliğı 20 — 38/im dir.
Farklı tutucu mineraller için, Beyşehir, Seydişehir ve Mihallıçcık yeraltı 
suları kullanıldı. Yeraltı suları ile hazırlanan çözeltilerde, başlangıç derişimleri 
6*0++ iyonu için, 1.04x10“® ile 1.04x10"® meq/ml, Zn'^'^ iyonu için, 7.67x10"® 




örnekler 190 rpm hızında dönen bir çalkalayıcı ile çalkalandı ve santrifüjle 
fazlar ayrıldı. Sayımlar Nal(Tl) dedektörü ile yapıldı.
Tutulma-salıverilme kinetiği (70++ iyonunun magnezitteki 24 günlük tu­
tulması hariç 16 gün boyunca incelendi ve tutulma hızları birinci derece hız 
denklemi olarak hesaplandı.
Hızlı tutulma, yüksek derişimlerde gözlenmiştir. (7o++ iyonunun kaolinitte 
tutulması için Rd değerleri 2 günlük bir temas süresinden sonra sabit kalırken, 
bu sürenin (7o++ iyonunun magnezitte tutulma Rd değerleri için en az 25 gün 
olarak belirlendi.
5a++ iyonunun aluminada tutulma değeri oldukça yüksekti, 2857 ml/g. 
(7o++ iyonu için farklı mineraller üzerindeki Rd değerleri 15 (kaolinit) ile 4274 
(alumina) ml/g arasında değişmektedir. Zn++ iyonunun farklı mineraller üzerinde 
tutulma Rd değerleri ise 26 (magnezit) ile 3800 ml/g (alumina) arasında değişmiştir. 
Alumina tipi minerallerin, kaolinit ve magnezit tipi minerallerden daha iyi 
tuttuğu gözlenmiştir.
Tutulma-salı verilme işlemi 5a++ ve (7o++ iyonlarının alumina, (7o++ iy­
onlarının kaolinit üzerinde tersinir iken, (7o++ iyonlarının kaolinit ve Zn++ 
iyonlarının alumina, kaolinit ve magnezit üzerinde kısmen tersinir olduğu be­
lirlendi.
Derişime bağımlı iyon tutulma izotermlerinin Freundlich türü eğriyle iyi 
uyduğu belirlendi.
Spesifik tutulma derişimi yada 1 gram katı tarafından tutulan radyonüklit 
miktarı hesaplandı ve tutulan derişim C3  nun artan katı miktarı M ile azaldığı 
gözlenmiştir. Spesifik sorplama konsantrasyonu, Ca,o ve sistem parametresi 7 
nın başlangıç iyon derişimi ile değişimi uygun eşitliklerle verilmiştir.
Temel dağılım kanunu, dağılım katsayısının hacim /kütle, V/M, oranlarından 
bağımsız olması gerektiğini belirtsede, V/M deneylerinden elde edilen sonuca göre,
V/M oranının etkisi, baç deneylerde gözönünde bulundurulmahdır.
Dağıhm katsayısı, Co++ iyonunun değişik ikili mineraller karışımındaki tutul­
ması, karışımın Rd sinin , saf bileşenlerin Rd değerlerinden bulunup bulunm a- 
yacağını belirlemek için incelenmiştir. Yüksek dağıhm katsayıh, Rd, aluminamn sis­
temi seyrelttiği ve sonuç Rd yi sınırladığı belirlenmiştir.
Anahtar kelimeler: tutulma,.salıverilme, mineral, 5a++ , (7o++, Zn++, tutulma
Vlll
izotermleri, V/M oranları etkisi, mineral karışımları.
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Chapter 1
INTRODUCTION
1.1 The Migration Behavior of the Radionu­
clides Disposed Underground
In the recent years, radioactive materials have been produced and used in ever 
increasing quantities. These high level radioactive wastes are disposed into 
deep stable geologic formations that fulfills very high safety requirements both 
in short and long term. It is unavoidable that some of these materials will 
be released to the environment where they can affect the quality of the water 
resources of nature.
The harmful effects of the radioactive substances on the biosphere can be 
prevented in two ways [l]:total containment and/or dispersal at a slow rate 
and with high dilution so that the concentrations that can reach the biosphere 
with the groundwater will be acceptably low. It cannot be assumed that total 
containment will last forever.
Therefore, protection in the very long term must be based on slow dissolu­
tion, slow dispersal, high dilution and radioactive decay.
To evaluate the changes in the quality of water caused by radioactive ma­
terials, an understanding of the various interactions between these materials 
and the environment is necessary. The factors that control the distribution 
of minor elements released during chemical weathering of rocks and soils also 
control the distribution of radioactive elements in natural water.
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Water contacts many ion-exchange substances in the course of its move­
ment on and beneath the surface of the earth. Clay minerals are the most 
common and widespread of these substances. Clay minerals constitute a siz­
able fraction of the suspended-sediment load carried by many streams and of 
the bed material of many streams and lakes. They are also associated with 
many rocks that are important aquifers. Exchange of ions in solution for those 
on natural ion exchangers will play an extremely important role in controlling 
the concentrations of radioactive substances in water and the rate of movement 
and dispersal of such substances in the environment.
Information about the adsorption of metal ions on minerals is important 
for predictions of migration rates of nuclides in the formations near geological 
storage sites for radioactive nuclear waste. The ion exchange processes with 
soil fines are of major importance for the retention of radionuclides in geological 
formations. For a given clay material, with a given particle size distribution, the 
following physico-chemical variables are of primary importance for the sorption 
of trace amounts of radionuclides.
• The selectivity of the ion exchanger towards the radionuclide
• The chemical composition and concentration level of the aqueous phase
• The ionic composition of the exchangeable ions present in the clay par­
ticles
• The groundwater acidity.
When soluble cations are added to a soil, several reactions may occur[2]. 
The cation may remain largely in the soil solution and be highly mobile. More 
likely, however, it will be adsorbed on the surface of clay particles or otherwise 
be bound by the soil. In some instances the ion in question may simply pre­
cipitate out of solution as the oxide or hydroxide. Chelation by soil organic 
matter may cause the element to retain some mobility. Another possibility is 
a surface precipitation on or entrapment by clay minerals.
The cation exchange and fixation properties of soils are of prime impor­
tance. The system can be represented schematically in Fig. 1.1
As an example, if is added to a soil initially containing only exchangable 
Ca"·"*· part of the Ca'^'^ will be replaced and will enter the soil solution. The ad­
sorbed K'^ may assume two states in the soil. Most of the K'^ which exchanges 
for the C'a'···'· will normally remain in an exchangeable form. A fraction of the
CHAPTER 1. INTRODUCTION
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Figure 1.1: Illustration Showing the Cation Exchange and Fixation.
A'·  ^ may be fixed by the soil in a nonexchangeable state. This fixed potassium 
will be immobile and insensitive to futher addition of cations to the system.
Oxides and hydrous oxides are im portant components of geological forma­
tions. Therefore, inform ation on the adsorbability of m etal ions on oxides and 
hydrous oxides is extrem ely helpful for these needs. Oxides and hydroxides are 
also of interest as radiation stable ion exchangers.
1.2 O bjective and O utline of the Present Work
The objective of the present work was to study the adsorption-desorption be­
haviours of (7o++, and Ba'^^ ions on kaolinite, magnesite and alumina.
Previously sorption properties of Cs'^, Sr'^'^ and B(H'^ ions on some clays 
and soil fractions from various parts of Turkey were studied in our laboratory 
and at the Middle East Technical University [3-8]. Barium is an alkaline-earth 
element, with the radioactive isotope (¿i/2= 12-79days) being a fission
product with a high yield. Barium  is between strontium  and radium which arc 
the most interesting elements of this group with respect to radioactive waste 
considerations. Therefore as a representative of the alkaline-earth homologs Ba 
is a suitable element to study. ^^^Ba was chosen as a tracer because of its long 
half life (U /2—lO-h^'ears). and are activation ¡iroducts im portant in
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waste considerations and in order to be able to gain information about the be­
haviour of the divalent transition metal ions Co and Zn were chosen as the rep­
resentatives. ^C o  (ti/2=5.27years) and (ix/2=244.10days) were used as 
tracers. These tracers were easily prepaxed in nuclear reactor at Çekmece Nu­
clear Research and Education Center (Ç.N.A.E.M.) while was purchased 
from the Radiochemical Center, Amersham. A parametric study involving the 
experimental factors, such eis volume of solvent to mass of solid ratio, V/M, 
and initial solute concentration influencing the adsorption process was performed by 
measuring the activities of the supernatant liquid as an attempt to develope a simple 
model which would form the basis for appropriate design calculations. Futhermore 
in order to compare an experimentally observed Rd,mix of a- particular radionuclide 
sorption on a mixture of two ion exchangers with the corresponding calculated value, 
an expression which allows one to calculate Rd,mix a-s a function of the Rd values of 
sorption on the pure components is derived.
By combining experimental work with mathematical modelling for the sorption 
of radionuclides, it is hoped to get a good description of the actual kinetic process.
The present work consists of five chapters. In chapter 1, introduction, literature 
review and a general description of the structure of clays used in the experiments 
is given. Sorption and ion-exchange phenomena are explained briefly. The physi­
cal and mathematical equations governing the system are given in chapter 2. The 
isotherm models are briefly stated and the respective mathematical models for V/M 
and mineral mixture approaches are derived for the system using the parameters 
obtained from the isotherm models. Chapter 3 gives details of the experimental 
work. In chapter 4 results and discussion are given. Finally a conclusion and some 
recommendations are presented in Chapter 5.
As most of adsorption studies of radionuclides are devoted to single sorbent 
system, it is hoped that the present study would contribute not only to the scientific 
understanding of the process, but also to the development of more efficient and more 
reliable design procedures.
1.3 Literature Review
The use of naturally available minerals for decontamination of low or high level 
radioactive wastes has been widely investigated. It is therefore necessary to develop 
a model for the description of the sorption of these radionuclides.
CHAPTER 1. INTRODUCTION
Unfortunately most of the work regarding sorption from an active aqueous solu­
tion onto minerals are centered around systems having single sorbent and they do 
not include a mathematical model for the sorption process.Many investigators have 
carried out experimental studies of sorption kinetics in well-mixed batch systems 
[9-17]. In such studies mostly the sorption of cations on various types of clays were 
studied. The adsorbant was either a pure mineral, or a mixture of two minerals, or 
natural soil. Concentration vs time data have usually been taken and the sorption 
characteristics were compared in terms of the distribution coefficient, Rd. In some 
cases the effect of pH, salt concentration on the distribution coefficient were also 
discussed [13].
The migration behaviours of radionuclides in rivers and sandy soil layer have 
been studied and a number of mathemetical models have been developed to predict 
the radionuclide concentration present [18, 19].
A number of investigators have studied the modelling of sorption of radionuclides 
on mineral mixtures [20-24]. They all have considered the ion-exchange equilibria 
between the radioisotope and the mineral. They have later on applied it to a multi- 
component system.
A theoretical study of the sorption of ions on mixtures of ion exchangers has 
been published by Triolo and Lietzke[24], while binary mixtures of clay minerals 
were studied by Palmer et.al.[22].
The kinetics of ion exchange processes involving mixtures of ion exchangers is 
mostly investigated by Bunzl[20, 25]. Bunzl also has investigated film diffusion con­
trolled ion exchange processes in batch operation[20].
Some authors have studied the sorption properties of natural clay minerals coated 
in the soil with humic substances[23, 26]. It is observed that as a result of the humic 
substances, the sorption properties of the mixture are modified as compared to the 
pure components.
Kolar [27-29] has developed a sorption model using compartmental analysis, 
where a compartmental system is made up of a finite number of subsystems each of 
which is homogeneous and well-mixed, and wherein the compartments interact by 
exchanging material.
A number of investigators have carried out column experiments and have de­
veloped mathematical models for the migration behaviour of radionuclides in these 
columns[30, 31].
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Figure 1.2: Molecular Structure of Silica and Gibbsite Sheets
1.4 Clay M ineralogy
Clay minerals are hydrated aluminum silicates in a crystalline form of relatively 
complicated structure. They are divided into three general groups according to 
their crystalline arrangement; kaolinite, montmoriUonite, and illite. Although the 
molecular structures are complicated, mineralogical investigations of the different 
clay minerals demonstrated that they are constructed essentially from two basic 
building blocks: the silica tetrahedron SÍO2  and octahedral aluminum hydroxide 
Al{OH)z- A silica tetrahedron consists of a central silicon atom surrounded by four 
oxygen atoms arranged at the apexes of equilateral triangles, as shown in Fig. 1.2.a. 
A number of such tetrahedra may combine to form the sheet indicated in Fig. 1.2.b. 
alumina There is a base plane of oxygen atoms in a hexagonal arrangement whose 
bonds are satisfied, since each oxygen is shared by adjacent tetrahedra. In this 
formation, there is a central plane of silicon atoms above which project single oxygen 
atoms which are free to combine with external cations because their valences are 
incompletely satisfied. An alternative arrangement has been proposed in which the 
unsatisfied oxygens occur alternately up and down, permitting attachments on either 
side of the main sheet of oxygen atoms. In tlxis distribution, the silicon atoms occur 
at two levels. This crystal structure permits a more satisfactory interpretation of 
certain properties of montmoriUonites.
The other structural element, hydrated alumina, takes the form of an octahedral
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Figure 1.3: S tructure of Kaolinite Particle
crystal Fig. 1.2 in which the aluminum atom occupies the center of the structure 
above and below which the oxygen and hydroxyl ions are arranged.
1.4.1 K aolin ite
Because of the unsatisfied valence forces in the upper oxygen atoms of the silica 
sheet, and the spacing between them, it is possible for a gibbsite sheet AlOz nnd a 
silica sheet to fit together to produce an electrically neutral layer Fig. 1.3 which form 
a single sheet of the clay mineral kaolinite. The junction is illustrated by the dashed 
lines joining Fig. 1.2. Successive sheets of the crystal lattice may be stacked one 
on top of the other to form particles of kaolinite, with the forces holding tlie layers 
together being of the hydrogen bond type between 0^~ and OII~ ions. Different 
stacking arrangements give rise to the different clay minerals with the same general 
formula as kaolinite.
Although the silica and gibbsite sheets are capable of indefinite extension in the 
direction of the planes, it is found that kaolinite particles, which generally have a 
hexagonal shape, occur as plates whose diameters typically range in size from 0.5 to 
1.0 micron and whose thickness is about 0.05 micron. The size may be connected 
with the structure and formation conditions or may possibly bear a relationship 
to the average distance between lattice imperfections, which have been found at
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similar spacings in clay minerals. Cleavage takes place between the double sheets. 
Since the plates are interrupted at their edges, it follows that while the electric 
charges for kaolinite elemental sheet are theoretically neutral, broken bonds will be 
found at the edges, some of which will be electrically positive, others negative, and 
which may absorb foreign ions, if such ions are available. The breakage may result 
in an electrically nonneutral particle[32]. Kaolinite as a result attracts external 
cations only by the negative charges of terminal 0 ^~ ions exposed on the edges 
of the structural sheets. Because of this, grain size aifects the cation exchange 
capacity[33]. The structural formula is Si4Al40 io{OH)s. Since the adsorbed water 
is always present, a more accurate formula is Al4{Si40io)2{0 H)4nH2 0 [Z4]
1.4.2 A lum ina
Alumina, AI2O3, was analysed by W.H. Bragg and W.L. Bragg [35, 37] and by 
Pauling and Hendricks [38]. Alumina is sometimes referred to rhombohedral axes 
making an angle of 85°46' with each other or to hexagonal axes with a:c=l:1.36. X- 
ray measurements show that the true unit cell is rhombohedral with a = 55°17'. A 
cell with a — 85°46' is face-centered and contains eight molecules of AI2O3, whereas 
the true unit cell contains only two molecules.
The complete cell of alumina appears complex in a diagram, but the structural 
scheme is simple. The oxygen atoms are arranged in approximate hexagonal closest 
packing. Fig. 1.4 shows two successive layers of oxygen atoms. Between the two 
layers there are positions for cations such that each lies between six oxygen atoms. 
If all these positions were filled, there would be as many cations as oxygen atoms in 
each sheet (in MgO, such a structure exists with the oxygen atoms in cubic closest 
packing). In AI2O3 , two thirds of the available positions are filled as shown in the 
figure. If the upper layer is superimposed on the lower layer, it will be seen that 
each A1 falls between six 0  arranged octahedrally.
Actually, the oxygen atoms are somewhat displaced from the ideal positions of 
hexagonal closest packing. Groups of three oxygen atoms form a common face of 
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Figure 1.4: Successive Layers of Atoms in the S tructure of Alumina
1.4.3 M agnesite
Magnesite is an anhydrous carbonate which belongs to the calcite group [36] with a 
structure MgCOz- Divalent ions form carbonates of the calcite type. The structure 
of calcite was one of the earliest to be analysed by Bragg’s X-ray diifraction method 
in 1914. Calcite is rhonibohedral, and has a very perfect cleavage which outlines 
crystal blocks of the well known rhombohedral form. It is customary to choose the 
axes of calcite in such a way that the cleavage rhomb may be described as having 
the faces (100). X-ray analysis shows, however, that this does not correspond to the 
correct unit cell of the calcite group. The true unit ceU has a much more elongated 
form with a rhombohedral angle of 48° 10', whereas the cleavage has a rhombohedral 
angle of 103°20'. The relation between the usually accepted crystal axes, and those 
of the crystal pattern, is shown in Fig. 1.5. In the structure of calcite CaCOz, the 
elongated cell is the true unit cell, and may be compared with the conventional form 
bounded by cleavage faces which is in the lower part of the figure.
1.5 C ation E xchange C apacity
Cation exchange capacity is defined as the amount of exchangeable cations, expressed 
as mihiequivalents per gram or per 100 grams of clay (soil or mineral) determined 
under experimental conditions at pH 7. Figures for cation exchange capacity are
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under experimental conditions at pH 7. Figures for cation exchange capacity are 
always reported as of this pH but it is known that, although the exchange capacity 
is probably a fixed constant for a mineral, different figures would be obtained at 
different pH values.
Many properties of clays are determined by the exchange capacity and the cations 
in the exchange positions. Rock weathering and soil formation depend largely on the 
relation of exchangeable cations on mineral surfaces to those in percolating solutions. 
The determination of the total exchange capacity of a soil, clay or other mineral is 
relatively simple and rapid [39-42], but the determination of the individual exchange­
able cations, Ca"*··^ ,  ^ + , and is complex. The exchange capacities
of some important clay minerals are given in Table 1.1 [33]
Variation in excliange capacity for the individual minerals is caused by didcr- 
ences in availability of exchange site, that is, position of negatively charged spots 
on the particles and by the chemical composition that causes the negative charges 
to develop. Irregularities in the lattice structure and variation in grain size increase 
the ion-exchange capacity by providing a greater number of unsatisfied bonds at the 
edges. This is particularly noticable in kaolinite. The exchange capacity increases 
as the grain size of a clay mineral decreases because there is a larger surface area 
and more broken bonds. Reduction in grain size together with disordered lattice 
structure tends to produce a mineral amorphous to X-rays. Such minerals have
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Table 1.1: Cation Exchange Capacity of Some Clay Minerals
higher exchange capacities than larger, better crytallized grains of similar composi­
tion because of increased surface area and more broken bonds. Materials like silica 
gel have exchange capacities in the range of 70 to 100 milliequivalents per 100 grams. 
However such exchange is related more to adsorbtion than to the cation exchange.
The exchange capacities of soils depends on a number of factors [33]:
• Quantity of clay and silt fractions. The silt fractions generally . have an ap­
preciable exchange capacity.
• The kind of clay mineral present - for example, a small quantity of monmoril- 
lonite, vermiculate, or illite- wiU give a greater exchange capacity than a very 
much larger amount of kaolinite.
• The amount of organic m atter present. Organic m atter increases the exchange 
capacity irrespective of the clay minerals present.
• Ion-exchange capacity figures for the clay fractions are only a slight indication 
of the clay minerals present when mixtures of clay minerals occur. Because of 
this, the exchange capacity figure should not be used as the only indication of 
the presence of certain clay minerals.The data should be supplemented with 
the X-ray diffraction study.
Ion exchange takes place when a solution containing cations and anions comes in 
contact with a mineral surface. The reactions are due to the structure and chemical 
composition of the mineral and to the chemical elements in the solution in contact 
with the mineral. It is not possible to describe the effects due to the mineral structure 
without also considering the contact solution, and vice versa.
The structural causes [33] for cation exchange in the clay minerals are:
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• Unsatisfied valencies produced by ‘broken bonds’ at surfaces and edges of 
particles.
• Unbalanced charges caused by isomorphous substitution of cations-for exam­
ple, substituted for
• Dissociation of structural· 0 /T “ radicals the o{ which may be replaced by 
metallic cations.
• Accessibility of structural cations other than which become exchangeable 
under certain conditions- for example, at low pH values ions move from 
the octahedral units to the exchange positions.
The principle cause of ion exchange in montmorillonites, illites and vermiculites 
is isomorphous replacement. ‘Broken bonds’ are the most important because of 
cation exchange in kaolinite, halloysite and in fine particles of other minerals such 
as quartz. The micelles of clay minerals present a number of changed spots that 
attract cations and anions in a solution surrounding the micelles. Ion exchange is 
thus, in part at least, a surface phenomena, as even the interlayer cations can be 
considered as part of an extended surface. The fact that there are different positions 
on the clay micelles, which are themselves electrically charged colloidal particals, for 
the negative charges cause replacement to take place at different levels. The excess 
negative charge on the minerals is neutralized by an equivalent amount of positive 
ions. In natural situations the most common exchangeable cations are M 5++,
ÎT+, Aa+,and AT+. Calcium is the dominant cation in soil clay minerals.
Ion exchange takes place in a water film that surrounds a micelle of clay or a 
mineral grain. This water film is considered to be a diffuse double layer. The double 
layer is a space containing water and an ion swarm that is dependent on the surface 
charge density of the mineral surface (the surface of the clay micelle), the kinds 
of exchangeable cations, the concentration of electrolytes in the solution, and to a 
lesser degree on the temperature. The charge density of the clay-mineral surface 
depends on the kind of mineral and on the cations (and anions) already present. 
The exchangeable cations are held on the mineral surface by coulomb forces[43].
1.6 Isotopic Tracers
In most studies the sorption characteristics of the radioactive wastes on minerals 
is determined by the tracer method. The radioactive isotope added to a solution
CHAPTER 1. INTRODUCTION 13
may serve as a tracer if it behaves as the other atoms of the same element originally 
present in the same chemical form.The isotopic tracer atoms are detected by their 
radioactivity.
The behaviour of (ti/2 =  5.27y), ( ij/2 = 244.lOd) and (ti/2 =
10.50y) in the soil is of considerable interest, because these radionuclides are present 
in our environment as a result of fuel processing. and are activation
products and is a fission product and are important from the waste disposal
point of view.
1.7 G roundwater
The repository is a chemical system with a solid stationary phase (the nainerals) 
and a liquid mobile phase (the groundwater). The groundwater movements in the 
repository are dependent on the characteristics of the mineral.
Groundwater composition may influence the sorption ratio for many radionu­
clides as it is the principle means of transport of the nuclides from their disposal 
sites. The groundwater constitutes a medium for the ion-exchange between the clay 
and the radioisotopes. If groundwater travel times are sufficiently long, compared 
to the half life of the radionuclides, then no release of radioactivity will occur to the 
environment[l]. The sorption of the radionuclides are influenced
• By the groundwater composition and pH
• The redox potential
• Composition of the solid phase (mineralogy, chemistry, surface properties, crys­
tallinity, surface/volume ratio, etc.)
• Temperature
pH determines the degree of hydrolysis. For most radionuclides the adsorption 
increases with increasing pH[44]. The redox potential determines the valence state 
for multivalent waste elements. Adsorption on a surface increases with increasing 
temperature.
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1.8 Ion Exchange
Ion exchange in clays and other minerals is dependent on the crystalline structure 
of the mineral and on the chemical composition of any solution in contact with the 
mineral. Ion exchange in minerals is a reversible chemical reaction that takes place 
between ions held near a mineral surface by unbalanced electrical charges within the 
mineral framework and ions in a solution in contact with the mineral. Generally the 
excess charge on the mineral is negative, and it attracts cations from the solution 
to neutralize this charge. The chemical reactions in ion exchange foUow the law 
of mass-action, but the reactions are restricted by the strength of the bonding of 
the exchangeable cations to the mineral surface. The order of replaceability of the 
common cations has been found to be:
Cs+ > Rb+ > K+ > Na+ > Li+
5a++ >
Bivalent cations enter the exchange sites preferentially relatively to univalent 
cations. The common exchangeable cation in most clay minerals in soils is C a ’^ '^[33]. 
The clay minerals have noticeable exchange reactions. Broken bonds at two edges of 
crystalline minerals also allow for ion exchange. The negative charges are accidental 
in that they are due largely to the particle size of the mineral plates. The adsorption 
due to these unsatisfied charges can be considered as a part of ion exchange. However, 
ion-exchange phenomena are not simple; they vary with
• The type of clay mineral
• Nature of replacing ion
• pH of solution
• Concentration of the replacing ion
• The associated ions in the exchange positions of the clay minerals.
Physicochemical laws govern the exchanges that can take place in the environ­
ment formed by a mineral surface and an electrolyte.
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1.9 A dsorption  and Ion Exchange Equilibria
An understanding of the mechanism of transport and adsorption-desorpton is essen­
tial for prediction of the behaviour of radionuclides during their decay to safe levels 
and thus for demonstration of the effectiveness of the potential medium.
The functional relationship describing the distribution of radioelements between 
the soil and the transporting media at equilibrium is called the equilibrium isotherm. 
As the name indicates this relationship is at constant temperature. In most adsorp­
tion and ion exchange systems other variables such cis pH, ionic strength, composition 
of the groundwater, the shaking rate affect the equilibrium. In general this applies 
to any variable that affects the charge, valency or the form of solutes or the state of 
the internal sorbent surface.
The radionuclides have different rates of transportation by undergroundwater 
because of retardation. If the physicochemical and transport properties of the ra­
dionuclides are the same as those of water, then they are ideal tracers. The mineral 
that surrounds the final repository should be chosen such that the flow rate of ground- 
water in it is very low[45]. A strong retardation of most radioactive substances also 
takes place underground through chemical processes between the minerals and the 
radioactive substances. In this manner, a very large portion of the radioactivity will 
have time to decay during its transport.
There are several processes which may cause retardation[45]
• Radionuclide decay: Some of the radioelement will be lost due to radionuclide 
decay.
• Diffusional process: The clays have a porous network structure. Two main 
diffusion mechanisms of the nuclides may be considered:
1. Macropore diffusion: the radionuclide diffuses in sufficiently large pores 
without any influence of the force field caused by the presence of the 
adsorptive surface.
2. Micropore diffusion: radionuclide diffuses into narrow pores always under 
the influence of the pore surface force field, this type of diffusion can 
also occur in the adsorbed layer at the surface of macropores: surface 
diffusion.
Any one of these diffusion mechanisms may be dominant or they can be asso­
ciated in series or parallel.
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Precipitation/dissolution of solids containing radionuclide: It can affect the 
main balance
• Retardation due to colloids or species with large hydration.
Chapter 2
PH YSICAL A N D  M ATH EM ATICAL  
MODELS
2.1 D istribution  Coefficient
For all practical purposes encountered in radioactive waste management, all isotopes 
of an element (stable or radioactive) exhibit the same physico-chemical behaviour. 
For this reason, although it is specific radionuclides which are of interest in waste 
management, in a discussion of sorption behaviour it is usually sufficient to refer to 
the radioelement in general or even more generally, to simply an element, since its 
radioactivity is not of concern in the treatment. Since the system in which these 
elements exist in solution, interacts with a variety of geological materials.
The distribution coefficient, Rd is defined as the concentration of a species sorbed 
on solid phase divided by its concentration in the liquid phase




mass of nuclide sorbed (meq). 
m/: mass of nuclide remaining in the solution (meq). 
M : mass of the solid sample used (g).
V : solution volume (ml).
Equation 2.1 relates to a reversible sorption. Yet often a portion of sorbed 
nuclide does not desorb. Therefore instead of Rd values adsorption and desorption
17
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The concentration of the ion in the solid phase after adsorption is given by
_  V[C]o-[C]l,ad{V + AWpt)
LOJa.ad -  -g (2.3)
[c ]m  =  ^ [ C I (2.4)
By insertion of Equation 2.3 into Equation 2.2 and replacing {C\ad by Equa­
tion 2.4, following equation is obtained
„ _  V A ,-A i,,d {yA A W pt)
-  A,„iM (2.5)
where
[C]3,ad'· concentration of the ion in the solid phase (meq/g).
[C]/,ad: concentration of the ion at the end of the sorption step (meq/ml).
\C\o'· initial concentration of the ion (meq/ml).
Ao'. initial count rate of 1 ml of solution (cpm/ml).
Ai^ ad' count rate of 1 ml solution after adsorption (cpm/ml).
AWpt: residual solution left after pretreatment (g).
The distribution ratio for desorption, Rd,de is calculated from the following rela­
tions:
R d , d e  =  .·
[ C \ s , d t
[ C ] d e
( 2 .6 )
icu , = ^ | c ] „ (2.7)
—  \C\deRd,de (2 .8 )
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where
[C] concentration of ion in the solid phase after desorption (meq/g). 
[C\de· concentration of ion in the solution after desorption (meq/ml).
Substituting [C]a,<ie and [C\de in the equation for distribution ratio for desorption 
we get
„ _ VAo -  Ai,ad(V + AWpt -  AWad) -  Ai,de(V + AWad)
where
AWad· the amount of hquid remaining in the tube after adsorption and 
decantation (ml).
Ai^ de- count rate of 1 ml of solution after desorption (cpm/ml).
The percentage adsorption (A), desorption (D) and reversibility (R) are given 
as:
A =_ AgV -  A,,ad(V +  AWpt
VAo X 100
(2.10)
^  ^  A lM V  + A l^ai) -  AadjAWad) ^  
VA° -  Ai,ad{V + AWpt)
(2.11)
R = lOOD 
1 0 0 - A
(2.12)
2.2 Isotherm  M odels
The adsorption of radionuchdes on clay and mineral samples as mentioned earlier is 
dependent on a number of parameters such as; temperature, initial solute concen­
tration, pH, ionic strength etc.
The most frequently used isotherms for describing the concentration depen­
dence of the adsorption process are Langmuir, Freundlich and Dubinin-Radushkevich 
isotherm models.
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2.2.1 Freundlich Isotherm
An expression of the Freundlich isotherm is given below:
C, =  KdCf (2.13)
Here
n: is a parameter that represents the degree of surface heterogeneity, a 
constant of the system.
Kd'· is a temperature dependant parameter,a constant representing the 
system (ml/g).
C3·. amount of solute adsorbed per unit weight of solid (meq/g).
Ci: equilibrium solute concentration (meq/ml).
This model is good for heterogeneous surfaces and represents well the data until 
regions of higher concentration.
The Freundlich equation may be linearized as;
logCa =  logKd + nlogCi (2.14)
Where the slope is n and the intercept is logKd. The distribution coefficient from 
Freundlich isotherm becomes
Rd = KdC]n—1 (2.15)
When n = l, distribution coefficient becomes equal to the temperature dependant 
constant, Kd. Ih this case the isotherm is said to be linear.
2.2.2 Langmuir Isotherm
Assuming that the solid surface is energetically uniform and that there is no in­
teraction between adsorbed molecules (one molecule per adsorption site), Langmuir 
developed the following adsorption isotherm.
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a  = bCs,mCl l + bCi
where
Ca'. amount of solute adsorbed per unit mass of solid (meq/g). 
Ca,m· majdmum amount of solute which can be adsorbed by-the solid 
Ci‘. equilibrium solute concentration (meq/ml). 
b: constant related to the energy of adsorption.
(2.16)
(mcq/g).
Ca,m represents the monolayer exchange capacity and b the adsorption equilib­
rium constant. The asymptotic behaviour of Equation 2.16 would be
at low concentrations \imCa=hCs,mCi
at high concentrations ]iraCa=Ca,m
At low concentrations Langmuir equation becomes linear and and at high concen­
trations approaches the monolayer capacity, Ca,m·, which is temperature dependant. 
At high concentrations it also represents an irreversible isotherm.
Rearranging Equation 2.16 and plotting Ca vs Ca/Ci will give a straight line with 
a slope equal to 1/b  and an intercept equal to Ca,m- Using the Langmuir isotherm, 
the distribution coefficient becomes:
Rd = bCal + bCi (2.17)
2.2.3 D ubinin-R adushkevich Isotherm
This model like the Langmuir isotherm is only applicable at low trace concentrations. 
The equation is given as:
C — C (2.18)
where
e: polanyi potential, RTln{l -f 1 /Ci).
Cf. solute equilibrium solution concentration (meq/ml). 
R: gas constant.
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T: absolute temperature (K).
K: a constant {meq^/kJ“^).
Cs,m· sorption capacity of adsorbant per unit weight (meq/g).
C :^ observed amount of solute adsorbed per unit weight (meq/g).
K  is a constant related to the sorption energy. The linearized Dubinin-Radushkevich 
equation is
\ogCs=\ogC,,m-Ee^
By making certain assumptions (i.e. assuming a very small subregion of sorption 
surface to be uniform in structure and energetically homogeneous and by apply­
ing Langmuir isotherm as local isotherm), the mean energy of sorption, E, can be 
calculated from Dubinin-Radushkevich parameters[46]. The mean energy of sorp­
tion is the free energy change when one mole of ion is transferred to the surface 
of the solid from the infinity in the solution and it is calculated from the following 
relation[47,48]. ^
E  = (2.19)
Where
E: mean energy of sorption, (kJ/mol).
The magnitude of E may indicate the type of sorption occurring. The energy 
range for ion-exchange type reactions is 8-16 kJ/mol[49j.
The distribution coefliicient from this isotherm is given as;
(2.20)
2.3 M odels o f Sorption
The sorption of radionuclides on soil particles is usually described as the flow of 
atoms or molecules through the pores of the sorbent. The transfer of these nuclides 
may be modelled by making the following assumptions.
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Assumptions of the model
• Soil is considered to be a uniform filtering layer of granulated sorbent having 
constant sorption properties for the soil solution elements in question.
• SoH solution is uniform with respect to its qualitive composition and the total 
concentration of solutes.
• It is suggested that the only mechanism of adsorption and desorption which 
determines the distribution of solutes between solution and sorbent is ion ex­
change. In other words, the sorption of certain cations from solution is nec­
essarily accompanied by exclusion of other cations from sorbent in amounts 
corresponding to their chemical equivalents.
Thus, the following relation holds true;
Ca+Cb+Cc+.··.........=Co=constant
Where
C,·: the concentration of cations present in the solution (meq/ml), i = a,b,c,....
Co', total concentration of the cations present in solution (meq/ml).
Distribution of each cation between sorbent and solution is determined by the 
relative selectivity of sorption expressed by the equation of equilibrium distribution 
and corresponding thermodynamic constant of selectivity.
2.3.1 V olum e-M ass R atio , V /M  M odel
Specific Sorbed Concentration
The amount of radionuclide sorbed per gram of soil, i.e. the sorbed concentration 
Ca decreases with increasing mass M of the adsorbing solid. This dependence may 
be expressed as
Ca = Ca,oM^ (2.21)
where
Ca,o'· specific sorbed concentration of nuclide/solid/water system (meq/g).
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7 : sorption exponent for the given system (< 0).
From a plot of logC, vs logM, Ca,o is obtained from the intercept and 7 from 
the slope.
logCs =  logCs,o + 'flogM ( 2.22)
Assumptions of the V/M Model
The dependence of R¿ on volume to mass ratio, V/M has been experimentally 
studied. In explaning this V/M effect the following assumptions should be taken 
into account.
• The closed box character of batch tests: i.e. no material or energy exchange 
with the surrounding.
• The possibility of using the empirical Freundlich isotherm for describing the 
sorption of radionuclides at low concentrations analogous to migration box 
models.
• The decrease of sorbed concentration with increasing sediment mass.
With the above assumptions the V/M sorption model may be derived as de­
scribed below.
The total inventory of radionuclides in a batch test tube is given by
niT = TUs + mi (2.23)
where
mT‘. total mass of radionuclide (meq).
mi: mass of radionuclide left in solution (meq).
ms', mass of radionuclide adsorbed by the sorbent (meq).
With the sediment mass M, solution volume V and the concentration Ci of nu­
clides in solution and on the basis of Freundlich’s isotherm;
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m ,/M  = /0 C 7 (2.24)
the total mass mj· of nuclides is expressed by
TUT =  KdMCJ^ + V.Ci (2.25)
T{j = — — C^~^ (2.26)
The mass of nuclides adsorbed, m3 is related to the sorbed concentration Cs.
As
m, = C3M (2.27)
Substituting for m3 in Equation 2.23
mi = mT -  (C3,oM'^)M (2.28)
Expressing m/ in terms of C;, the following equation is obtained;
_ m r -  (C3^ oM'^)M 
C l - ----- p----- (2.29)
By inserting Equation 2.29 in Equation 2.26, the general relationship follows
Kd =
mx V mT-(C3,oM'>)M (2.30)
At low solute concentrations the constant n may be taken as unity, that is. 
Freundlich isotherm is linear and a monolayer adsorption takes place. In this case 
Rj = Kd, and Equation 2.30 can be rewriten as
(2.31)
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According to Equation 2.31 the relationship between Ej and V/M depends on the 
specific parameters tut, Ca^ o and 7 of the radionuclide/clay/groundwater systems. 
These parameters can be determined experimentally and the evaluation of the Ri- 
V/M  dependence should be possible to determine.
2.3.2 M ineral M ixture M odel
To compare an experimentally determined Rd,mix oi the sorption of a radionuclide 
by a mixture of two ion exchangers with the corresponding calculated value; an 
expression which allows one to calculate Rd,mix as a function of the Rd values of the 
pure components is derived.
From the definition of the distribution coefficient, it follows directly that the 
distribution coefficient of a mixture, defined as the amount of nuclide adsorbed per 
unit weight of mixture divided by the concentration of the nuclide in the solution, is 
equal to the weighted sum of the distribution coefficients of each component, Rd,A 
and Rd,Bi as shown in Equation 2.32.





mA‘. mass of ion exchanger A in the mixture (g). 
niB'· mass of ion exchanger B in the mixture (g).
Rd,A- distribution coefficient of pure component A (ml/g) 
Rd,B' distribution coefficient of pure component B (ml/g).
Rd,A and Rd,B are the distribution coefficients obtained by dispersing pure ion 
exchanger A or B respectively in a solution. A plot of Rd,mix versus mAlrriji+TnB 
will then yield a stright line between
Rd,A at mA/niA +  m s =0 and Rd,A at mA/mA+mB=l
Because the Equation 2.32 foUow directly from the definition of Rd, it must be 
valid for cases where there are no interactions among the various components of the 
mixture. In other words, if deviations are observed, then either there are interactions 
or there is some difficulty with the experiment.
Chapter 3
EXPERIMENTAL WORK
The experiments were performed using locally available natural minerals and mix­
tures of these minerals. The experimental programme included a study of the nature 
of solute influence, of initial solute concentration, volume/mass ratio on radionuclide 
sorption.
All sorption experiments were of batch type.
The radioactive tracers used in the experiments were;
1. =  5.2712/)
2. ^^Zn{tij2 =  244.1d)
3. = 10.52/)
In the experiments kaolinite, alumina and magnesite minerals were used.
Before the adsorption-desorption experiments the following had to be carried
out.
• Separation of the clay particles into different size fractions
• Purification of the particles by ultrasonic treatment
• Preparation of synthetic ground water
• Preparation of stock solutions containing radioisotopes
27
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Table 3.1: Results of Chemical Analysis Carried at M.T.A. Institute of the 
Minerals Used in the Experiments.
Percentage Composition





0.19 0.01 2.88 42.83 -0.07 45.19
Kaolinite 72.79 17.48 1.20 0.35 0.15 0.20 0.33 0.32 6.58
The clay minerals used in the experiment were obtained from Turkish Mineral 
Research Institute, M.T.A. and the analysis of the samples were done at the same 
institute. Table 3.1 shows the composition of the minerals used in the experiments.
3.1 Separation Into Size Fractions
The particle size distribution of the mineral samples studied were determined using 
the Andreasen Pippette technique as foUows[50, 51].
A certain amount of mineral was dried at 110 °C overnight. 10 grams of dried 
mineral were suspended in one liter bidistiUed water by stirring with a magnetic 
stirrer for 12 hours. Na4P20 r was used as a dispersing reagent. The rate of sedi­
mentation using Stoke’s law is given by;
V =




v: settling velocity (cm/s).
T}: viscosity of liquid in poise (g/cm.s). 
r: radius of settling sphere (cm), 
d: diameter of settling sphere (cm).
Ps'. density of clay (g/cm^). 
pi: density of liquid (g/cm^). 
g: gravitational constant (cm/s^).
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3.2 Purification by Ultrasonic Treatment
The aim of the ultrasonic treatment was to remove smaller sized material attached 
to the surfaces of the larger grains and to break up agglomerates. Prior to each 
pretreatment step and adsorption/desorption experiments, each centrifuge tube with 
solid and liquid phases were put into the ultrasonic bath and treated for about five 
minutes.
3.3 Synthetic Groundwater
Groundwater composition affects the sorption of the cations by the minerals. So the 
experiments were carried out with synthetic groundwater, prepared according to the 
concentrations of the natural groundwaters at Seydişehir, Beyşehir and Mihallıçcık. 
The compositions of natural groundwaters were obtained from ‘Devlet Su isleri’. 
Government Water Supplies. Table 3.2 shows the concentration range of the major 
components, pH and conductivity of natural groundwater at three regions mentioned.
Table 3.2: Chemical Analysis of Water Samples Used in Adsorption/Desorption 







Na+ 2.17 1.15 0.48
K+ 0.24 0.08 0.15
+ Mp++ 7.00 7.73 6.80
HCO 3 7.06 7.52 6.10
C l- 0.60 0.48 0.33
so l~ 1.75 1.06 0.98
pH 7.50 7.7 7.90
Conduct! vity(E. C. 10®) 840 758 720
In order to be able to work at atmospheric pressure[52], bicarbonate was; largely 
replaced by nitrate because carbonate species in natural groundwater are not in 
equilibrium with CO2 at atmospheric pressure. Besides, bicarbonate is not a stable 
anion, it causes alkalinity in neutral waters whereas nitrate is more stable and shows 
little tendency to form complexes. Approximately 80% of bidistilled water[52] is 
introduced into a plastic bottle. CO2 is bubbled through it for one minute in order 
to avoid any carbonate precipitations during the preparation. Ten milliliter of stock
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solutions were taken and shaken. The rest of bidistilled water was added to complete 
the final volume to one liter. Air was bubbled through the solution overnight in order 
to expelí excess carbon dioxide. Evaporation losses were compensated by adding the 
appropriate amount of bidistilled water.
3.4 Preparation of Stock Solutions Contain­
ing Isotopic Tracers
In the sorption and desorption experiments and were used as
tracers. (ii/2=10.50y) was purchased from the Radiochemical Center, Amer-
sham. According to the supplier’s information the total activity was 0.06mCi, 
the volume 0.6ml and Ba'^'^ ion concentration 24/j.g 5a++ /m l. 0.6ml of active 
BaCl<2 solution was evaporated over a water bath to dryness. The residue was dis­
solved in 10 ml of tridistilled water. This 10 ml was separated into four 2.5 ml 
aliquout solutions. Cation concentrations prepared for sorption-desorption exper­
iments given in Table 3.4 were prepared by adding nothing to the first aliquout 
solution, 0.06mg Ba{NOz)2İT^ to the second, 0.60mg Ba{NOz)2İ ^  to the third 
and 5.98mg Ba[NOz)2İ ^  to the fourth aliquout solution. For sorption experiments 
appropriate amounts of these stock solutions were taken and diluted to 100ml with 
synthetic groundwater to the concentrations given in Table 3.4. These radioisotopes, 
^C o  (ti/2=5.271y) and (ii/2=244.1d) were produced by irradiating natural Co 
and Zn compounds with thermal neutrons for the chosen lengths of time. Table 3.3 
shows the abundance and the time of irradiation of the chemicals used in the sorption 
experiments.
The chemicals Co(NOz)2-GL[20 and Zn(NOz)2-^R20 were irradiated in the 
Küçük Çekmece Nuclear Reactor at a thermal neutron flux of 1.5xl0+^^n.cm“^.s“ .^ 
The irradiation time was 30 minutes and the stock solutions were prepared after 
a cooling period of about 7 days. The activities were measured using a Nal(Tl)
Table 3.3: Reactor Irradiation For Radioisotope Production
Chemicals Abundance Weight Irradiation Time
{%) (g) (min)
Zn{NOz)2-^HzO 48 1.07 30
Co{NOz)2.QH20 100 2.74 30
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detector. Cation concentrations prepared for adsorption-desorption experiments are 
given in Table 3.4.
1.07 g oiCo{NOz)‘2-^H'20 and 2.74 g of Zn(N 0 3)2-6 ^ 20  were dissolved in 4 
ml and 6 ml of tridistiUed water respectively. The corresponding concentrations 
were 1.84 meq/ml and 3.07 meq/ml One milliliter of stock solu­
tion containing the above concentration is diluted to 110 ml with bidistilled water 
(concentration:1.67xl0~^ meq/ml). Then 5 ml of the second Co'^ '^  stock solution is 
diluted to 80 ml with synthetic groundwater (concentration: 1.0448x10“  ^ meq/ml). 
For sorption experiments appropriate amounts of the final stock solution were taken 
and diluted to futher 100 ml portions with synthetic groundwater. For the prepara­
tion of 2 ml of the first stock solution was diluted to 80 ml with tridistilled
water and the appropriate concentrations were prepared by futher dilution with syn­
thetic groundwater to 100 ml portions.
3.5 The Sorption Measurement
The sorption measurements were carried out by first pretreating the solid phase of 
known weight with synthetic groundwater and then equilibrating with an aqueous 
solution containing a certain initial cation concentration and an aliquot of radio- 
tracer. The phases were separated by centrifugation, the supernatant solution was 
withdrawn and the remaining activity of the solid was counted to determine the 
distribution ratio. The plastic tubes used were made of polyproplene. The activities 
were measured with a well type Nal(Tl) scintillation detector.
The centrifuge tubes were cleaned and dried overnight, cooled and weighed (kFi). 
A certain amount of mineral was added and weighed (W2). About 5 ml of synthetic
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groundwater were added to each tube and shaken for six or eight days using a lateral 
shaker at 190 rpm.
After pretreatment, the phases were centrifuged at a speed of 12000 rpm for 
30 minutes and the supernatant phase discarded. Each tube was then weighed 
(W2 +  AWpt). The total solution volume, V was equal to the added volume of 
traced solution, plus the residual solution left after the pretreatment. This latter 
volume is determined by the difference in weights of the dried clay and the clay 
plus residual solution. This volume is almost always quite small compared to the 
volume of solution added. Three milliliters of or ion solution
with a known initial concentration and activity (Ao) was added and the samples were 
shaken for the desired sorption time. After sorption they were again centrifuged at 
a speed of 12000 rpm for 30 minutes and 1 ml of the supernatant phase was counted
(^/)·
In desorption studies, the liquid phase following adsorption was centrifuged and 
discarded. 4 ml of synthetic groundwater was added to each tube and shaken for 
the desired desorption time. The samples were then centrifuged and 1 ml of the 
decanted liquid phase was counted. All the batch sorption experiments were carried 
out in duplicates. Blank tests were also done to check for any loss on the containers. 
The equilibration times were determined by preparing a set of tubes each having a 
certain amount of solute and the same initial active ion concentration. Aliquots from 
each tube were counted in successive days until sorbed activity remained constant.
The distribution coefficient, Rd, was determined using the equations given in 
Chapter 1.
The distribution coefficient of Zn++ and (70++ ions were determined for different 
V/M  and initial solute concentrations on different clay and mineral types.
Chapter 4
RESULTS A N D  D ISC U SSIO N
4.1 K inetic Studies
Sorption kinetics of some radionuclides on various types of clays and soils from differ­
ent regions of Turkey has been previously studied [3-8]. The kinetics of radionuclide 
sorption was followed in this work in order to determine the time required to reach 
the steady-state or equilibrium state. Time evaluation of the distribution ratios were 
studied between one hour and 24 days contact time. The shaking time, initial con­
centration and particle size range for the sorption of and are given
in Table 4.1.
Table 4.1: Initial Cation Concentration, Shaking Time and Particle Diameters 
Used in the Experiments.





Kaolinite 1.04x10-5 lh-16d 38 -  20/r
7.67x10-® lh-16d 38 -  20fi
Magnesite 1.67x10-'* lh-24d < 38/i
7.67x10-2 lh-16d < 38p.
Alumina ^^^Ba 7.65x10-“ 30min-16d 38 -  20/z
7.65x10-^ 30min-16d 38 -  20/Í
^C o 1.04x10-® lh-16d. 38 -  20p
^^Zn 7.67x10-® lh-16d 38 -  20y
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4.1.1 Sorption Studies
Distribution coefficients were determined experimentally at room temperature using 
alumina, kaolinite and magnesite as the solid phase and different concentrations of 
the cations Co·*"*·, Zn·*··*· and as the liquid phase. The ®°Co, and
radionuclides were used as isotopic tracers. The shaking was'carried out at a rate 
of 190rpm using a lateral type shaker. In all cases the distribution coefficient, Rd 
increases exponentially in the first few days until equilibrium is reached. Rd values 
as a function of time are given in Table 4.5.
The desorption curves generally decrease exponentially and reach a constant 
Rd,de value. In some cases readsorption following desorption was observed. The 
percentage adsorption, desorption, and reversibility values were also calculated and 
the results are given in Tables 4.2- 4.3. The Rd,de values as a function of time for 
the sorption of Ba'^'^ ^  Co·*"*· and Zn·*"*· ions on alumina, kaolinite and magnesite 
are given in Table 4.6.
Alumina
Rd values as a function of time in the sorption of Ba'^'^, CoA'^ and ZvA"^ ions 
on alumina at 190 rpm shaking rate are given in Table 4.5. The corresponding plots 
are shown in Fig. 4.1- 4.2. Saturation was achieved more rapidly at higher initial 
ISa"*··*· concentration. As the cation concentration in the liquid phase increased, 
the sorption sites were saturated in a shorter time reaching equilibrium rapidly. 
The equilibrium Rd for [Ba]o — 7.65xl0"^meq/ml is found as 2857 ml/g and the 
equilibration time was about 20 hours, while for [Ba\o =  7.65xl0“ ‘*meq/ml they are 
between 436 ml/g and 12 hours respectively (Fig. 4.1a,b). The rapid adsorption 
generally reflects the fact that the adsorption is a surface phenomenon and that 
the surfaces are readily accessible to the ions in the solution. It is observed that the 
adsorption of Ba'^'^ ion with an initial concentration, [Ba]o =  7.65x10“ ’^ meq/ml, on 
alumina increases exponentially in first few hours until 17 hours and seems to have 
reached saturation, then however Rd starts to decrease and then reaches its previous 
Rd value of 2857 ml/g at about 150 hours. This behaviour indicate a complicated 
mechanism of adsorption. It seems that some of the adsorbed ions are somehow 
desorbed and readsorbed again. The adsorption of Ba'^'^ with initial concentration 
[Ba]o = 7.65xl0“ ‘*meq/ml showed a similar behaviour. No such adsorption was 
observed in the sorption behaviour of Co' '^  ^ and Zn·*"·*· ions. High Rd values as in 
5a·*··*· sorption were obtained. This may be because they were aU divalent ions. 
The Rd values increased exponentially in the first few days and reached saturation.
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The sorpliou of is shown in Fig. 4.2.a. The saturation Rd values for this
radionuclide was 4274 ml/g and the equilibration time was about 145 hours. The 
Zn"’"’· sorption is shown in Fig. 4.2.b. The equihbrium Rd and saturation time were 
3800 ml/g and 240h respectively.
The Rd,de values obtained from desorption studies of C'o++ and
desorption from alumina are given in Table 4.6 and are shown in Figs. 4.1- 4.2. At 
initial [5a]o = 7.65\T0“ ^meq/ml, it was observed that, Rd,de decreased exponentially 
and reached a constant Rd,de- However the desorption Rd values ■were found to 
be lower than those found for adsorption, which means that the equilibrium ion 
concentration of the solution was greater than that of the adsorption. Most of the 
ions adsorbed by the minerals somehow may have been desorbed.The saturation 
R d , d e  value was 429 ml/g and saturation time was 27 hours. It was found that the 
adsorption-desorption phenomenon was reversible. The percent reversibility values 
are greater than 100 in some cases. In the desorption curve of with initial
ion concentration [Co]o — 1.04xl0“®meq/ml the general expected behaviour was 
observed. The Rd decreases exponentially and reaches an equilibrium Rd value of 
4350 ml/g at 25 hours. The sorption behaviour is reversible. In the desorption 
behaviour of an exponential decrease in the first few hours, followed by a
slight reaching saturation in about 100 hours. May be some of the desorbed ions 
during first few hours are somehow adsorbed again. The sorption behaviour of 
on alumina, was found to be partially reversible.
F i g . 4 . 1 :  T i m e  E v a l u a t i o n  o f  Rd  V a l u e s  I n  t h e  S o r p t i o n  o f  o n  A l u m i n a  a t  V a r i o u s
I n i t i a l  C o n c e n t r a t i o n s ,
a )  I n i t i a l  C o n c e n t r a t i o n ,  [Ba]o =  7 . 6 5 x 1 0 · " ^  m e q / m l
O  : A d s o r p t i o n  
#  : D e s o r p t i o n
b )  I n i t i a l  B a + +  C o n c e n t r a t i o n ,  [Ba]o =  7 . 6 5 x 1 0 ” '^  m e q / m l  
O  '· A d s o r p t i o n
F i g . 4 . 2 :  T i m e  E v a l u a t i o n  o f  Rd  V a l u e s  I n  t h e  S o r p t i o n  o f  Co'^'^ a n d  o n  A l u m i n a
a t  V a r i o u s  I n i t i a l  a n d  Zn'^'^ C o n c e n t r a t i o n s  r e s p e c t i v e l y ,
a )  I n i t i a l  C 0 + +  C o n c e n t r a t i o n ,  [ C o ] o  =  1 . 0 4 x 1 0 " ®  m e q / m l  
O  · A d s o r p t i o n
•  : D e s o r p t i o n
b )  I n i t i a l  Z 7 1 + +  C o n c e n t r a t i o n ,  [Zn]o =  7 . 6 7 x 1 0 " ®  m e q / m l  
q : A d s o r p t i o n
0 : D e s o r p t i o n
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Table 4.2: Percent Adsorption, Desorption and Reversibilit}'^ of Co+·*·
and Cations on Alumina Mineral.
\ B a l y = 7.65>il(3 ' r n e q / m l  ^= [ A l · [ y < [ 0 ~ ^^ n t q / n i l
t i m e  ( h ) % A  d s o r p i i o n % D c s o r p i i o v % R e v c r s i h i l i t y % A d s o r p t i o n D e s o r p t i o n % R c v e r s i h i l i i y
ü.f) 87.79 3.98 32.6 - - -
1 87.4.3 3.70 29.46 94.82 0.00 0.04
2 89.36 9.49 89.20 95.38 0.36 7.82
A 97.37 2.59 98.58 95.38 0.46 9.92
6 - - - 95.88 0.62 15.16
8 88.76 10.53 93.71 - - -
10 - - - 94.74 0.67 12.70
12 89.24 12.69 118.04 96.40 1.02 28.48
24 88.22 13.04 110.81 97.19 1.11 39.61
48 87.21 12.59 98.48 97.91 1.30 62.33
96 88.07 11.53 96.69 98.26 1.30 74.68
144 89.29 13.41 125.20 98.53 1.30 87.90
192 - - - 98.55 1.27 87.52
240 oo.o.i 15.48 171.17 98.51 1.36 92.81
336 - - - 98.61 1.30 93.83
384 88.87 14.16 127.17 ' 98.66 1.28 95.40
[ Z n ]  ^ 7.67xl0“'^ /ne7/7/î/
i i m e  ( h ) % A  d s o r p i i o n % D e s o r p t i o n % R e v e r s i b i l i t y
1 91.40 0.00 0.00
2 91.76 0.00 0.00
4 91.89 0.00 0.00
6 92.61 0.25 3.32 '
8 93.41 0.40 6.09
10 94.03 0.53 8.88
12 94.23 0.92 15.95
24 95.30 0.75 15.85
48 96.35 0.82 22.53
96 97.39 0.84 32.16
1 14 98.03 l.Ol 51.17
240 98.39 0.98 60.94
336 98.39 1.07 66.72
384 98.37 0.96 58.75
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Kaolinit.o
Tlie ion exchange properties of ka.olinite are generally believed to be due to the 
broken bonds on tlio surface of the clay particles. Sorption on kaolinitc exhibit 
a dependence on particle size [3], [52-5d]. Sorption kinetics of various nuclides on 
kaolinite are given elsewhere [3-7]. The saturation period detertnined experimentally 
for initial C o ' ^ ' ^  concentration, [ C o ] o  =  1.04xl0”*^meq/ml was found as 50 hours 
and R d  as 15 ml/g. The observed sorption kijietics of C o ' ^ ' ^  ion sorption is shown 
in Fig. d.3.a. The adsorption of Z n ' ^ ' ^  ion increases exponentially until it reaches 
equilibrium (Mg. 1.3.b.). The saturation R ^  and Ihe lime were Ibiind a.s 120  ml/g 
and 94 hours respectively.
In the desorption behaviour of ion from kaolinite clay, l t d  decreased ex­
ponentially. The R d . d e  value at equilibrium was about 14 ml/g at 300 hours. In the 
desorption behaviour of is simpler. R d  decreased exponentially and reached
equilibrium at a value of 150 ml/g at 30 hours. It was observed that the sorption 
process was nearly reversible for both cations. The reversibility may be attributed 
to the tightly bound layers in the case of kaolinite. The structure of kaolinite does 
not permit the deep penetration of the solution into the clay structure. Thus the 
adsorption process takes place primarily at the surface which leads to an easy and 
effective release of ions in desorption.
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Table 4.3: Percent Adsorption, Desoi'ption and Reversibility of Co'^'^ and Zn'^'^ 
Cations on Kaolinite and Magnesite.
a) Kaolinite
fC'ol,j = 1.04X 10“ 7^ne<7/77î./ [Zn].5 7 .ß 7 y . ] 0 ~ '^ jn e q / m l
l im e  (h ) % A d so v ] ) l io n % D e s o r p l i o i i % R e  v e rs ib U ity %A (id07'])lion % D t s o v i ) i io n % R c  v e rs ib i l i ly
1 39.43 1.64 2.71 26.16 0.00 0.00
2 30.04 2.44 3.82 32.22 4.60 6.79
4 41.10 5.30 9.00 34.80 12.01 18.42
6 - - - 38.86 12.15 19.87
8 53.27 8.76 18.76
10 - - - 47.59 14.92 28.46
12 57.73 9.78 23.15 52.99 20.85 44.35
24 64.33 15.23 42.72 59.76 21.33 53.01
48 66.67 20.68 62.06 61.70 21.90 57.17
96 69.10 21.46 09.47 63.06 23.46 63.50
144 68.18 23.03 T 2 M 65.17 26.17 75.15
192 70.32 23.33 78.62 64.90 24.87 70.87
240 - - 65.17 21.26 69.68
288 68.93 27.16 87.41 65.48 23.64 68.49
336 0 - - 65.04 27.72 79.29
384 71.25 31.19 100.00 65.50 25.55 74.05
b) Magnesite
[CoJc \ Z i i l , = 7.67xl0--?)ier//77i/
t im e  ( b ) % A ( l s o r p i io n % D e s o r p i i o n % R c v e r s ib i l i iy % A d s o r p i i o n % D e s o r p l i o n % R e v c r s ib i id y
1 19.56 0.00 0.00 18.78 7.52 9.26
2 24.04 7.61 10.02 18.28 12.80 15.66
4 27.53 12.28 16.94 16.11 7.49 8.93
8 26.05 12.86 17.40 16.71 7.01 8.41
12 29.11 12.95 18.26 26.11 33.27 45.03
24 31.83 14.27 20.93 26.77 44.24 60.41
48 37.41 23.80 38.02 34.24 50.65 77.03
96 43.43 26.55 46.94 40.15 39.03 65.22
144 47.16 24.40 46.18 45.53 45.86 84.19
192 46.89 22.46 42.30 47.91 43.96 84.40
288 49.73 24.79 49.31 45.99 42.79 75.22
384 52.72 27.03 57.17 49.14 40.23 79.11
576 68.07 24.68 77.3 - - -
Fig.4.3: Time Evaluation of R d  Values In the Sorption of C o ' ^ ' ^  and on Kaolinite
at Various Initial 0 0 ^ " ^  and Concentrations respectively,
a) Initial C o ' ^ ' ^  Concentration, [Co]o = l;.04xl0”  ^meq/ml 
q : Adsorption
0 ; Desorption
b) Initial Concentration, [ Z n ] o  =  7.67x10"·^  meq/ml
Q : Adsorption
0  : Desorption
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Magnesite
The plots showing the values as a function of time are given in Fig. 1.4. In
0
the ion adsorption on magnesite Äj values were increased exponentially in the
first 10 liours reaching equilibrium. However l)eyond 100 hours ./?,/ values somewhat 
increased again. A steep increase was observed at 600 hours. It is known that at high 
ion concentrations ion exchange is the predominant process controlling sorption, so 
the adsorption on magnesite in our studies may be only ion exchange as we used 
high initial ion concentrations. The adsorption behaviour of on magnesite
showed a general trend. values were increased exponentially in the first 150 
liours reaching equilibrium. The distribution coeflicient of sorption at initial
[ C o ] o  =  1.67xl0“ bneq/nil is determined to be 70 ml/g and the equilibration time 
600 hours, while for ion, [ Z n ] o  =  7.67xl0”^meq/ml they are determined as
26 ml/g and 160 hours (Fig. 4.4.b.).
The desorption behaviours of and Z w ^ ^  are shown in Fig 4.4. In the
desorption of both and from magnesite, R d ^ e  decreased exponentially
followed by a slight gradual increase probably due to the desorbed ions being partly 
readsorbed again.
Table 4.4 gives a summary of the equilibrium distribution coeliicients of the 
various cation-mineral system studied in this work. and R d , d e  values as a function 
of time are given in Tables 4.5 and 4.6.
The R d  values found experimentally for sorption on Alumina are generally higher 
than sorption on the other minerals. This may be due to the higher cation exchange 
capacity and the high surface area of the alumina particles in the aqueous phase, as 
these particles do not form agglomerates.
Table 4.4: Distribution Coefficients and Saturation Times for Adsorption and 
Desorption of C o ' ^ ' ^  and Ions on Various Minercils Studied In
This Work.








.Alumina [Ba]o = 7.67.xl0-‘‘ 436 . 12 - -
[Hal = 7.67.\T0-"’ 2857 20 •129 27
[Co]o = 1.04x10“ *^ 4274 145 4350 25
[Zri]o =  7.65x10"® 3800 240 5300 100
Kaolinite [Co]o =  T04X10-® 15 50 14 300
[Zn\o = 7.67x10"® 120 94 150 30
Magnesite [Co]o =  1.67x10"“* 70 600 75 300
[Zn]o =  7.67xl0"^ 26 160 35 150
Fig.4 .4 : Time Evaluation of R d  Values In the Sorption of and on Magne-
siLc at Various Initial and Concentrations respectively,
a) Initial Concentration, [Co]y = 1.67x10”*'^ meq/ml
Q : Adsorption 
p  : Desorption
b) Initial Zn++ Concentration, [ Z n ] o  = 7.67x10"·^  meq/ml 
O'. Adsorption 
0 ! Desorption
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Table 4.5: Results of Kinetic Studies for the Adsorption of Co~*"^  and
Zn++ Ions on Alumina, Kaolinite and Magnesite.
R d  { m l / g )
A l u m i n a
t i m e
h o u r
[Co]o
I M x l O ^ ^ m e q / r n l
[Z n ]o
7 . 8 7 x l 0 ~ ^ m e q / m l
[.ßa]o [B a]o
7 . 6 5 x l 0 ~ ^ m e q / m /
0.5 - - 421 2449
1 1141 666 1^22 2399
2 1286 648 427 2726
4 1309 674 398 2830
6 1410 769 430 -
8 - 856 - 2764
10 1202 1968 - -
12 1675 1026 - 2771
24 2184 1263 435 2898
48 2929 1557 - 2607
96 3524 2325 449 2628
144 4203 3113 - 2948
192 4301 - - -
240 4266 3787 - 3240
.336 4379 3872 - -
384 4590 3793 - 2720
R d  ( m l / g )
K a o l i n i t e M a g n e s i t e
l i m e [Co]o [ Z n ] , [ C o l [ Z n l
h o u r 1.04 X10 “ ^  7Tie 7 / in/ 7.67xl0”®7ner//7n/ 1.67x10“"* 7ncr//77ï/ 7 . ß 7 x \ 0 ~ - n ) p q / i v l
1 4 22 8 7
2 3 30 10 8
4 4 35 12 6
6 - 41 - -
8 7 - 11 8
10 - 56 - -
12 9 71 13 11
24 12 71 15 12
48 13 102 20 15
96 14 100 24 21
144 13 126 28 27
192 15 159 28 -
240 - 154 -
288 - - 29 26
336 14 115 32 -
384 119 37 31
576 - 70 - -
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Table 4.G: Results of Kinetic Stuclies for the Desorption of C(C+ and









7.65xl0~^ meq /  ml
0.5 - - 1393
1 9926 8704 1373
2 8111 8155 760
4 7355 7447 587
6 6403 6947 -
8 - 5944 600
10 5342 5454 -
12 4622 4417 489
24 4430 5546 445
48 4303 5414 413
96 4456 5868 460
144 4612 5387 479
192 4668 - -
240 4269 5687 461
336 4466 5411 -




time [Col [Zn]o [Col [Zn]o
hour 1.04xl0“ '^me9/m/ 7.65xl0“®meç/77?./· 1.04x10“ '^  meç/î??./ 7.65x10~®me<7/m/
1 43 244 123 65
2 38 224 91 45
4 30 223 81 44
6 - 221 - -
8 33 - 77 50
10 - 201 - -
12 35 177 78 37
24 29 169 77 27
48 20 172 67 21
96 20 166 60 29
144 19 170 69 32
192 18 159 - 33
240 - 154 - -
288 15 161 77 32
336 - 141 72 -
384 13 161 71 40
576 - - 87 -
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4.2 R ate o f Sorption
If the sorption process is assumed to be first order then the logarithm of the remaining 
activity in the aquoeous phase plotted against time is expected to be linear, if the 
sorption process is first order. Such linear dependence was not observed in our 
sorption studies, however the total activity of the mixture of a number of radioactive 
species is given by Equation 4.3.
[C] =  [ c u —kt (4.1)
and substituting activities for concentrations for ideal tracers one gets;
A = (4.2)
At = Ai + Aj + Ak + .....= (4.3)
where
[G]: concentration of the solution at time t (meq/ml).
[C\o: initial concentration of the solution (meq/ml).
Ao'. initial activity (cpm/ml).
At ' total activity (cpm/ml).
At, Aj..: initial activities corresponding to different first order reactions (cpm/ml). 
k: first order rate constant
the total reaction rate constant may be written as
kT — ki +  kj +  kk. (4.4)
If ki, kj and kk are sufficiently different from each other a complex curve is 
obtained when logA vs t is plotted. By drawing tangents starting with the last part 
of the curve the slowest rate constant can be determined. By successive subtraction 
of the straight line part from the total complex curve, one may get the second, third 
etc rate constants corresponding to different sorption mechanisms. Such kinetic plots 
are given in Figs. 4.5- 4.7 for the sorption of Ba++, and on various types
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of minerals. It i.s seem that the curves obtained are not linear, d’lio rate constants 
and initial activities obtained by curve resolution are summarized in Table 4.7.
Table 4.7: Rate Constants and Initial .A.ctivities Obtained by Resolving Com­
plex Kinetic Curves In the sorption of Co++ and ion on .A,lumina,
Kaolinite and Magnesite.






























Two dilierent first order rate constants, with corresponding initial activities were 
obtained for the systems studied except for the sorption of D a ' ^ ' ^  ion on alumina. As 
seen from A o  values in Table 4.7 in kaolinite, sorption take place predominantly with 
the slow mechanism. Since sorption in kaolinite takes place mostly on the surfaces 
and at the edges and with little sorption between the layers, the two mechanisms may 
be ascribed to the sorption of radionuclides on the surfaces and the edges of kaolinite 
respectively. Alumina mineral was observed to sorb cations predominantly via the 
slow mechanism. Rapid adsorption generally reflects the fact that the adsorption 
is a surface phenomenon and that the surfaces are readily accessible to the ions in 
the solution. Magnesite had the slowest rate constants'among all three minerals. 
The sorption of ions was observed to take place via the slowest mechanism. The 
two rate constants observed in the sorption kinetic studies may also be related to 
the exchange of the cations in solution with different bound ions such as- A'a+, A'···, 
C a + + .
F i g . 4 . 5 :  K i n e t i c  S t u d i e s  o f   ^ C ' o “‘" +  a n d  Zn'^^  S o r p t i o n  o n  A l u m i n a .  P l o t s  o f  R e ­
m a i n i n g  A c t i v i t y  as  a  F u n c t i o n  o f  T i m e ,
a )  I n i t i a l  5 a + +  C o n c e n t r a t i o n ,  [Ba]o =  7 . 6 5 x 1 0 “ '^  m e q / m l  
T h e  d e c a y  c o n s t a n t  Wcis f o u n d  f r o m  t h e  c u r v e  a s ;
O  : h  =  1 . 3 3 x l 0 ’ 3 / i - i
b )  I n i t i a l  C o + " ^  C o n c e n t r a t i o n ,  [Co]o =  1 . 0 4 x 1 0 " ^  m e q / m l
T h e  d e c a y  c o n s t a n t s  w e r e  f o u n d  f r o m  t h e  c u r v e  b y  u s i n g  t h e  c u r v e  p e e l i n g  m e t h o d  a s ;
· :  ki = 2.90x10-2/1“ ^
O  : ¿ 2  =  1 . 7 8 x 1 0 - 3 / 1 - 1
c )  I n i t i a l  C o n c e n t r a t i o n ,  [Zn]o =  7 . 6 7 x 1 0 “ ^ m e q / m l
T h e  d e c a y  c o n s t a n t s  w e r e  f o u n d  f r o m  t h e  c u r v e  b y  u s i n g  t h e  c u r v e  p e e l i n g  m e t h o d  a s ;  
•  : Jki = 4.00x10-2/1-1 
0:^2  =  6.00x 10- 3/1-1
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Fig.4.6 : Kinetic Studies of Co+·^  and Sorption on Kaolinite. Plots of Remaining
Activity as a Function of Time,
a) Initial Concentration, [Co]o = 1.04x10“® meq/ml
The decay constants were found from the curve by using the curve peeling method as;
•  : iki = 3.20xl0“2/i-i 
O : Jb2 = 4.00xl0“ /^i“^
b) Initial Concentration, [ Z n ] o  = 7 . 6 7 x 1 0 “ ® meq/ml
The decay constants were found from the curve by using the curve peeling method as; 
•  : Jki =3.10xl0“2/i“ i 
O  : k 2 =  6 . 5 4 x l 0 “ ^ / i “ i
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Time (h)
Time (h)
Fig.4.7: Kinetic Studies of and Z n ' ^ ' ^  Sorption on Magnesite. Plots of Remaining
Activity as a Function of Time,
a) Initial C o '^ ' ^  Concentration, [Co]o = 1.67xl0""^meq/ml 
The decay constants were found from the curve by using the curve peeling method as;
#  : iki = 4.80x10-3/1-1 
O  : ¿ 2  =  6 . 2 5 x l 0 - ^ / i - i
b) Initial Zn++ Concentration, [Zn]o =  7.67x10-  ^meq/ml 
The decay constants were found from the curve by using the curve peeling method as; 
#  : ¿1 = 5.22xl0-3/i” i 
O : k.2 = 7.33xl0-^/i-i
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4.3 Influence o f V /M  R atio on Sorption
A series of measurements show that the sorption of and increase
with increasing V/M ratios in mineral/groundwater systems. The dependence of 
sorption of these radionuclides on V/M ratios is studied for different initial solute 
concentrations. This dependence is shown in Figs. 4.8- 4.9.
Alumina
At a constant initial cation concentration, the V/M ratio is found to affect the 
sorption of Ba+"*· ion on alumina. As the V/M ratio increases the sorption of 50++ 
ion on alumina increases due to the fact that the particles become more exposed and 
available area for exchange increases. Fig. 4.8.a. shows the variation of Rd with V/M 
at different initial solute concentrations for 5a++ ion sorption on alumina. The effect 
of initial concentration can also be seen from these curves. At low concentrations 
both adsorption and ion exchange are significant, whereas at high concentrations 
only ion exchange is dominant.
Kaolinite
The effect of V/M ratio on sorption of Co++ on kaolinite is given in Fig. 4.8.b.
The effect is similar to that of 5a++ adsorption on alumina. The Rd values increase 
with increasing V/M ratio. The effect of initial concentration can be seen from the 
corresponding curves. The Rd values axe higher at low initial ion concentrations. At 
high concentrations the sorbent reaches its cation exchange value and there will not 
be available sites for further exchange.
Magnesite
The effect of V/M ratio on the sorption of Co' '^  ^ on magnesite is shown in 
Fig. 4.9.a. In this case, it is observed that at initial Co++ concentration, 1.04xl0“^meq/ml 
Rd decreases as V/M ratio increases. A result contrary to the expected behaviour.
The sorption in this case probably reaches its cation exchange capacity and there 
are no more sites available. With increasing V/M even less number of particles are 
present, resulting in lower Rd values. The adsorption behaviour of Co+·*· ion at lower 
concentrations followed the general trend. The Rd values increased with increasing 
V/M ratio. The sorption of ion on magnesite increased with increasing V/M
and seemed to have reached equlibrium at V/M=110 ml/g (Fig. 4.9.b).
F i g . 4 . 8 :  T h e  E f f e c t  o f  V o l u m e  o f  S o l u t i o n  t o  M a s s  o f  S o r b e n t ,  V / M ,  i n  t h e  i o n
S o r p t i o n  o n  A l u m i n a  a n d  Co'^'^ I o n  o n  K a o l i n i t e  r e s p e c t i v e l y  a t  V a r i o u s  I n i t i a l  I o n  C o n c e n ­
trations,
a )  I n i t i a l  J 5 a + +  I o n  C o n c e n t r a t i o n  
#  : [Ba]o =  7 . 6 5 x 1 0 “ ® m e q / r n l  
/  O  : [Ba]o =  7 . 6 5 x 1 0 ” ^ m e q / m l  
A  : [Ba]o =  7 . 6 5 x 1 0 “ ® m e q / m l  
Z ^ · :  [Ba]o =  7 . 6 5 x 1 0 “ ® m e q / m l
b )  I n i t i a l  I o n  C o n c e n t r a t i o n
# ; [Co]o =  1 . 0 4 x 1 0 “ ® m e q / m l  
[Co\o =  1 . 0 4 x 1 0 ” "  m e q / m l  
[Co]o =  1 . 0 4 x 1 0 " ®  m e q / m l  
[Co]o =  1 . 0 4 x 1 0 “ ® m e q / m l
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V/M (mL/g)
Fig.4.9: Tlic EiFect of Volume of Solution to Mass of Sorbent, V/M, in the C o '^ ' ^  Ion 
Sorption cind Ion on Magnesite respectively at Various Initial Ion Concentrations,
a) Initial Ion Concentration
# : [Co]o = 1.04x10“  ^meq/ml 
Q : [Co]o = 1.04x10”" meq/ml 
A  : [Co]o = 1.04x10”  ^,meq/ml 
: [Co]o =  1.04x10”  ^meq/ml 
| |  : [Co]o — 1.04x10”*^ rncq/ml
b) initial Z/I++ Ion Concentration 
#  : [ Z n \ o  = 7.67x10”®. meq/ml 
O : [Z n ] o  =■ 7.67x10”*^ meq/ml 
A : [ Z n \ o  = 7.67x10”  ^ mcq/ml 
^  : [Z n ] o  =  7.67x10”® meq/ml 
9  : [ Z n ] o  = 7.67x10”“^ meq/ml
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4.3.1 Freundlich Isotherm
Logarithmic plots of sorbed ion concentration vs jBo++ concentration left in
the hquid phase give linear Freundlich type isotherms. The corresponding plots are 
shown in Figs.4.10-4.11. The system parameter ‘n’ is approximately equal to 1, in­
dicating that the sorption is linear. The ‘n’ and K  values obtained graphically are 
given together in Table 4.8. The Dubinin-Radushkevich constants obtained graph­
ically are given in Table 4.9. The correlation factors obtained for both Freundlich 
and Dubinin-Radushkevich isotherms are nearly 1. The comparison of the Rj val­
ues calculated from Freundlich and Dubinin-Radushkevich, (Equations 2.15 and 2.20 
respectively) for different initial ion concentrations are given in Table 4.10.
Table 4.8: Param eters Obtained From Fitting  to Freundlich Isotherm for the 
Various Systems Studied In this Work.
Magnesite Co'^'^ Magnesite Zn'^'^ Kaolinite Co'^'^ Alumina
V /M n K n K n K n K
(m l/g) (m l/g) (m l/g) (m l/g) (m l/g)
10 1.06 164.20 0.91 4.44 0.98 101.90 0.96 2383.65
20 1.03 104.50 0.90 4.47 0.99 123.61 0.94 1802.34
50 0.98 46.53 0.90 5.40 1.01 191.35 0.93 1851.37
70 0.94 28.26 0.91 7.75 0.97 115.66 0.94 2558.48
90 0.92 21.29 0.91 9.08 0.96 120.84 0.92 2022.19
n o 0.87 13.71 0.91 10.74 0.96 128.97 0.93 2773.07
150 0.91 10.11 0.95 4214.54
Table 4.9: Param eters Obtained From Fitting  to Dubinin-Radushkevich Equa­
tion for the Various Systems Studied.
A lum ina K aolin ite C o +  + M agnesite Co'^'^ M agnesite
V /M C3,m C a,m G s,m
(m l/g ) (m e q /g ) ( meq^ f  k J ^  ) (m e q /g ) (m e q /g ) (m e q /g ) {meq^ f  k  )
10 0.19 3 .8 8 x 1 0 -® 0.01 4 .3 1 x 1 0 “ ® 0.06 5 .38x10“ ® 0.01 5 .5 0 x 1 0 “ ®
20 0.19 3 .8 1 x 1 0 -® 0.02 4 .4 6 x 1 0 “ ® 0.08 5 .46x10“ ® 0.02 5 .5 0 x 1 0 “ ®
50 0.38 4 .0 7 x 1 0 -® 0.03 4 .6 2 x 1 0 “ ® 0.07 5 .4 9 x 1 0 “ ® 0.02 5 .6 7 x 1 0 “ ®
70 0.93 4 .31x10“ ® 0.04 4 .64x10“ ® 0.06 5 .3 3 x 1 0 “ ® 0.03 5 .7 1 x 1 0 “ ®
90 0.54 4 .11x10“ ® 0.04 4 .6 3 x 1 0 “ ® 0.02 4 .69x10“ ® 0.03 5 .7 1 x 1 0 “ ®
110 0.70 4 .18x10“ ® 0.04 4 .46x10“ ® 0.05 4 .98x10“ ® 0.04 5 .7 6 x 1 0 “ ®
150 0.36 3 .5 5 x 1 0 “ ® • - - ' - 0.04 5 .7 6 x 1 0 “ ®
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Table 4.10: Comparison of the D istribution Coefficients, Rd Calculated from 
Freundlich and Dubinin-Radushkevich Isotherms W ith Those From Experi­
m ents in the Adsorption of Ions on Minerals at Various Initial Concentrations.
In i t ia l  Ion  C o n ce n tra t io n  
(meq/ml)
V /M = :9 0
Alu'imina
V / M = 1 1 0
Rd,oha
(ml/g)
R d ,F re u n d
(ml/g)




R d ,F re u n d
(ml/g)
R d ,D u b in
(ml/g)
7.65x10-'' 6262 6153 5506 7242 7146 6026
7.65x10-® 7377 7504 8723 8228 8450 10122
7.65x10-'!' 9094 9210 10561 10191 10058 11267
7.65x10-« 10890 11316 9766 11560 11925 10420
Kaoi in ite
V / M = 9 0 V / M = J 0
In i t ia l  Ion  C o n ce n tra t io n R d ,obs R d ,F re u n d R d ,D u b in Rd,obs R d ,F re u n d R d ,D u b in
(meq/ml) (ml/g) (ml/g) (ml/g) (ml/g) (ml/g) (ml/g)
1.04x10-^ 198 209 146 145 143 117
1.04x10-® 205 192 236 138 137 159
1.04x10-·^ 218 239 241, 142 158 164
1.04x10-8 258 228 219 162 150 147
M a g n es i te
V / M = 1 0 V / M = £ 0
I n i t ia l  Ion  C o n cen tra t io n RdyObs R d ,F re u n d R d ,D u b in RdfObs R d ,F re u n d R d ,D u b in
(meq/ml) (ml/g) (ml/g) (ml/g) (ml/g) (ml/g) (ml/g)
7.67x10-^ 9 9 5 9 9 6
7.67x10-® 10 11 12 13 11 14
7.67x10-® 15 13 19 15 15 20
7.67x10-^ 16 16 19 18 18 25
7.67x10-8 20 20 22 23 23 26
a) Sorption of i?a++ Ion on Alumina,














n—0.94 and A'=2515 ml/g








: V/M=110 ml/g 
n=0.98 and A'=130 nd/g
h.
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Log [Bq], (meq/mL)
a) Sorption of Co++ Ion on,














n=0.97 and K = & Z  ml/g













n=0.91 and 7^=7.43 ml/g
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4.3.2 Specific Sorbed C oncentration
The amount of cation sorbed per gram of mineral increases with decrease in mineral 
mass, i.e., the sorbed concentration, Cj, decreases with increasing mass, M of the 
adsorbing solid. This may be due to successive compensation of sorptive sites. Tlic 
results of 5 a++, Co++ and Zn++ sorption on alumina, kaollnite and magnesite are 
shown in Figs. 4.12- 4.13. The experimentally determined C a ,o , the specific sorbed 
concentration and 7 , the system constant values are given in Table 4.11.
Table 4.11: F itted  Specific Sorption Param eters Cs,o and 7 for Co'^'^
and Sorption on Alumina, Kaolinite and Magnesite.
Concenlraiion (meq/ml) 7 Cs,o (ineq/(j)






















Fig.4. [2: Dependence of Loading on the Mass, M, of the Sorbing Material, 
a) Adsorption on Alumina Mineral,
Initial Ion Concentration, [Ba]o = 7.65xl0”’^ meq/ml
C s,o  — 2.34xl0“^meq/ml and 7 = -0.99
b) Co“^+ Adsorption on Kaolinite Mineral,
Initial Ion Concentration, [Co]o = 1.04xl0“^meq/ml 
Ca.o = 3.46xl0“®meq/ml and 7 = -0.86
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Fig.4.13: Dependence of Loading on the Mass, M, of the Sorbing Material, 
a) C o '^ ' ^  Adsorption on Magnesite Mineral,
Initial C0++ Ion Concentration, [Co]o = 1.04xl0“'hTieq/ml 
=  5.04xl0”'‘meq/ml and 7 = -0.54
b) Z n ' ^ ' ^  Adsorption on Magnesite Mineral,
Initial Z n ' ^ ' ^  Ion Concentration, [Z n ] o  = 7.67xl0“ i^neq7ml 
=  1.73x10“'^  and 7 = -0.61
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The relation between the specific parameters, 7 , C s ,o  initial ion concentra­
tion is shown in Figs. 4.14, 4.15. Fitted equations for specific sorption parameters 
C s ,o  a-nd 7  for C o ' ^ ' ^  and ions sorption on alumina, kaolinite and mag­
nesite are given below. R, correlation factor is approximately equal to 1 in all cases. 
These may be used to calculate the specific parameters, 7  and C's^o at any initial ion 
concentration.
ion sorption on alumina
C s , o  =  1-1007 -1- 0,9987/n[Ro]o 
7 = -0.9900
Co+~*' ion sorption on kaolinite 
Cs,o = 1.3347-M.0087/n[Co]^
7  = -0 .7915-f 0.0470/n.jCo],,
C0+·*· ion sorption on magnesite 
C s , o  =  2.3997-1- 1.0840/7i.[Co],,
7  = -0 .2310-H 0.0330/u[Co]o
Z n + +  ion sorption on magnesite 
C s ,o  = 0.8102 -f 0.9908/n[Zn]o 
7  = -0.3650 +  0 . 0 l 7 5 l n [ Z T i ] o
The volume-mass, V/M model derived in. Equation 2.31 is dependent on the spe­
cific parameters, m x ,  € ¡ 0, and 7  of the mineral/groundwater/cation system. These 
parameters can be experimentally determined and therefore the evaluation of the R d  
with V/M change can be calculated. The comparison of the calculated R d  values 
from the model and the experimentally observed Ji^’s are shown in Figs. 1.16- 4.18. 
The corresponding data arc given in Tables 4.12- 4.13.
Comparison of the observed R d  with R d ' s  calculated values from the model are 
not in good agreement at extremely high (> 1 0 “®) and extremely low concentrations 
(< 1 0 “^), but between these concentrations (1 0 “® < C < 1 0 “ )^ the models agree 
quite well.
a) j9a++ Adsorption on Alumina Mineral,
b) Adsorption on Kaolinite Mineral,
Fig.4.14: Dependence of Specific Sorbed Concentration and C'3,0 and 7 on Initial Ion Con­
centration,















bo bo bocn CO
a) Adsorption on Magnesite Mineral,
b) Z71++ Adsorption on Magnesite Mineral,
Fig.4.i5: Dependence of Specific Sorbed Concentration and C,,© Q^nd 7 on initial Ion Con­
centration,
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Table 4.12: Comparison of the Calculated and Observed of Co'^'^ and 
Zn"*··*· Ion Sorption on Magnesite. The Param eters Used in Calculations were, 
[Co]o =  1.04x10“ ® m eq/m l: 7=-0.71, C,,<> =  3.57xl0“®g/g, my =  3.14xl0“®g,
71 ~  1 and for [Zri\c
rriT =  2.30xl0“®g, n ?
7.67xl0“®meq/ml: 7=-0.58, =  2.30xl0“®g/g,
V/M
(m l/g)








R d ,o b s.
(m l/g)
(7o++ Ion Sorption on Magnesite Zri^^ Ion Sorption on Magnesite
10 44 42 10 16 16
20 42 48 20 17 18
50 52 48 50 23 23
70 63 53 70 27 26
90 69 75 90 30 33
n o 76 84 n o 33 36
- - - 156 38 35
Table 4.13: Comparison of the Calculated and Observed Rd of (70+·*· Sorp­
tion on Kaolinite. The Param eters Used in the Calculations were, [Co]o =  
1.04x10“® m eq/m l: 7=-0.86, Cs,o =  3.46xl0“®g/g, my =  3.19xl0“®g, n «  1 
and for [C7o]o =  1.04x10“ ’^ m eq/m l, 7=-0.87, Cs,o =  3.40xl0“^g/g, rriT =  
3.19xl0“®g, n «  1
V/M R-d,model R d ,oba. V/M R d,m odel R d ,ob s.
(m l/g) (m l/g) (m l/g) (m l/g) (m l/g) (m l/g)
(7o++ Ion Sorption on Kaolinite (7o++ Ion Sorption on Kaolinite
10 126 138 10 205 142
20 111 137 20 137 151
50 136 143 50 167 178
.70 174 196 70 197 187
90 201 205 90 228 218
n o 222 245 n o 253 272
Fig.4.16: Comparison of V/M Model R d  Values with Those From Experiments in the 
Adsorption of Ion on Kaolinite Mineral, at Various Initial C o ' ^ ^  Concentrations,
[Co]o =  1.04xl0“^meq/ml (a), and [Co]o =  1.04xl0”®meq/ml (b)
# : Model 
O : Observed
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Fig/1.17: Comparison of V/M Model R d  Values with Those From Experiments in the 
Adsorption of Ion on Magnesite Mineral, at Various Initial Co+·^  Concentrations,
[Co]o =  1.04xl0”^rneq/ml (a), and [Co]o =  1.04xl0“"meq/ml (b)
# : Model 
O : Observed
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V/M (mL/g)
Fig.4.18: Comparison of V/M Model R d  Values with Those From Experiments in the 
Adsorption of Ion on Magnesite Mineral, at Various Initial Zn++ Concentrations,
[ Z n ] o  = 7.67xl0"*‘^ meq/inl (a), [Z n ] o  =  7.67xl0“^meq/ml (b)
^  : Model 
(D : Observed
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4.4 Sorption on M ineral M ixtures
The distribution coefficient, Rd for the sorption of on mixtures of kaolinite-
magnesite and kaolinite-alumina has been measured and compared with those cal­
culated from the Ji^’s of the pure components using Equation 2.32. The compared 
values for the kaolinite-magnesite and kaolinite-alumina are given in Table 4.14.
Table 4.14: Weight Fractions of each Component and Corresponding Rd Values 
for the Mineral M ixture Systems Studied
Rd.mix (calcula ted)  
( m l / g )
Rd.rnix (o b served )  
( m l / g )
W eight F raction  o f  K a o l in i te
K k a o l in i t e
W eight F ra c t io n  o f  A lu m in a
. K j\ ix i f j i in a
3445 3445 0.00 1.00
2882 3238 0.17 0.83
2219 2723 0.37 0.63
1854 1759 0.48 0.52
1223 1202 0.67 0.33
693 685 0.83 0.17
129 129 1.00 0.00
Rd,mix ( calculated) Rdytnix (ob served ) W eight F raction  o f  K a o l in i te W eigh t F rac tion  o f  M a g n es i te
( m l / g ) ( m l / g ) K k a o l in i t e К м а д п е з И е
46 46 0.00 1.00
62 56 0.18 0.82
75 66 0.34 0.66
88 78 0.50 0.50
101 90 0.66 0.34
115 99 0.83 0.17
129 129 1.00 0.00
4.4.1 K aolin ite-M agnesite
The results for adsorption of Co++ on mixtures of kaolinite and magnesite are shown 
in Fig. 4.19 and the corresponding data are given in Table 4.14. This mixture 
was chosen because each component has comparable distribution coefficients under 
the same experimental conditions. If the value of distribution coefficients of one 
component is much greater than the other, (Rd,A »  Rd,B) then the system would 
simply correspond to a dilution experiment, and Rd,mix would be given as
D _  D .
τη A + TUB
Where:
ша'· mass of component A in the system (g).
(4.5)
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niB'· mass of component B in the system (g).
Rd,A· <iistribution coefficient of com ponent A (m l/g ). 
Rd,mix‘ distribution Coefficient of the m ixture (m l/g ).
It is seen in the experimental results given in Fig. 4.19 that there is a good 
agreement between experimentally observed and calculated points using Eq. 2.32. 
The sorption of the radionuclides on minerals seem to foUows Henry’s Law and the 
partition of sorbed cation between the mineral mixture components may be thus 
analysed. Each mineral seem to sorb of ions according to their respective
capacities . The selectivity i.e. C.E.C. of kaolinite is greater than that of Magnesite. 
The good agreement between the calculated Rd,mix a^ nd observed Rd,mix suggests 
that there is no interaction at equilibrium between the mineral particles and the 
ions.
4.4.2 K aolin ite-A lum ina
Fig. 4.19 shows the sorption behaviour of (^0++ on various in kaolinite-alumina 
mixtures. The Rd value of sorption on alumina (3445 ml/g) is much greater than 
that of kaolinite (129 ml/g). Under these conditions the system corresponds to a 
diluted experiment and the overall Rd of a mixture of two minerals is dominated by 
the Rd of sorption on alumina. The experimental Rd values of the various mixture 
are given in Table 4.14.
As mentioned earlier, the Rd values calculated for a mixture of ion exchangers 
consider only thé competition of the two components for the counter-ions in solution. 
The interactions between the two ion exchangers is not taken into account. If there 
were such interactions sorption process would be affected and significant deviations 
would be observed between the calculated and observed Rd values for mixtures.
Fig.4.19: Comparison of the Observed and Calculated Distribution Coefficients for the Sorp­
tion of Ion on Kaolinite-Magnesite and Kaolinite-Alumina Mixtures,
a) Sorption of (70*^ + Ion on Kaolinite-Magnesite Mixture,
A * l i d ,m i x  Observed Experimentally
_____; R d ,m i x  Calculated from Equation 2.32
____ Magnesite Component in Mixture
_____: Kaolinite Component in Mixture
b) Sorption of Ion on Kaolinite-Alumina Mixture,
A · R d ,m i x  Observed Experimentally
_____: R d , m i x  Calculated from Equation 2.32
_____: Alumina Component in Mixture
_____: Kaolinite Component in Mixture
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M agnesite 1.0 0.9 0.8 0.7 0 .6  0.5 O.A
Weight Fraction




• There are significant differences in the sorption behaviour of the three types 
of minerals studied. The highest Rd values were obtained for alumina followed 
by kaolinite and magnesite(Table 5.1).
• The distribution ratio tends for 5a++ ion sorption to reach eqmlibrium in
12 hours for high initial ion concentration (7.65xl0“^meq/ml)and 20 hours 
for low initial ion concentration (7.65xl0"^meq/ml), for ion sorption
in 6 days and for ion sorption on alumina in 10 days. Sorption on
kaolinite of Co++ ion tended to reach equilibrium in 2 days, while for ion
sorption saturation was reached in about 4 days. Magnesite mineral reached 
the equilibrium in longer time than the other minerals. The Sorption of C 0++ 
was to reach equilibrium in 24 days, while for Zn++ sorption it was 7 days. 
Generally, the distribution coefficients were found to increase exponentially 
and reach equilibrium.
Table 5.1: Maximum Rd Values for Cation Sorption on Alumina, Kaolinite and 
Magnesite Found in This Work.




Alumina [Ba]o = 7.67x10-'* 436
[Ba]o = 7.67x10“^ 2857
[ C o ] o  = 1.04x10-® . 4274
[Zn]o =  7.65x10-® 3800
Kaolinite [ C o ] o  =  1.04x10-® 15
[Zn]o =  7.67x10-® 120
Magnesite [Co]o =  1.67x10-'· 70
[Zn]o =  7.67x10-2 26
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• The sorption of and Co++ cations on alumina show almost reversible
character whereas the sorption of is found to be partially reversible. The 
sorption of the cations on kaolinite or magnesite reflect a partially reversible 
character, except for the sorption of the Co++ ion on kaolinite which shows a 
reversible character.
• The sorption process was found to take place in two stages and/or two mecha­
nisms with different rate constants in all minerals studied except for ion
adsorption on Alumina, where only one rate constant could be determined. In 
cases, sorption was observed to take place predominantly via the slow mecha­
nism.
• Sorption isotherms were treated with respect to different types of isotherm 
models. It was found that sorption isotherms fitted very well the Freundlich 
and Dubinin-Radushkevich isotherm models.
• The solution volume to mass of sorbent, V/M ratio, influence the sorption of 
the cations studied. The results indicate that in batch experiments the influ­
ence of the liquid-solid ratio should be taken into account although according 
to the fundamental distribution law distribution coefficients should be inde­
pendent of V/M ratio. In order to explain the dependence of Rd on V/M ratio 
a closed box character of the tests and a linear Freundlich equation at low 
radionuclide concentrations has been assumed.
• Rd values increased with increasing V/M ratio. The sorbed concentration 
decreases with increasing sediment mass as a result of the successive com­
pensation of adsorptive sites, that is, there may be a progressive blocking of 
sorption sites due to the agglomerating of granular sorbents. On the other 
hand it was observed that at very high concentrations the solute particles 
reach their cation exchange capacity and become saturated, causing Rd values 
to decrease with increasing V/M ratio. The distribution ratio in the derived 
model
M ^mT-Cs,oM^+^ ) (5.1)
is dependent upon specific parameters, my, C«,©) nandj of the mineral/groundwater/cation 
system. Where, my is the total mass of the cation, Cs^ o is the specific sorbed 
concentration, n constant representing the degree of surface heterogeneity and 
7 is the sorption exponent being always negative.
The parameters 7 and Ca,o change linearly with initial cation concentration.
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• Provided that the sorption properties of the individual sorbents are known, 
the sorption values of a mixture of sorbents can be predicted by neglecting 
the interactions between the two competitive sorbents. The behaviour of the 
components in the mixture is found to obey Henry’s law. The amount of ion 
that is sorbed by one of the components in the mixture is directly proportional 
to the Rd of that component times its weight fraction.
• From the waste management point of view, it seems that alumina mineral is
more suitable for Co^'^, and 5a++ as backfiU material than kaolinite
and magnesite due to its higher Rd values. But for reliable proposals, more 
data is needed. Futher studies should be performed. More parameters should 
be investigated such as temperature, influence of pH. Besides experiments some 
theoretical calculations must also be done; for example theoretical models can 
be developed in order to study the adsorption-desorption on mineral mixtures 
and on mixtures of minerals and humic substances.
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